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broadening effects. The microring sensor chip sits on an anodized aluminum chip holder. Flow is 
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volume at high concentrations, a deviation in linearity of mass injected is observed. Sample = 
30% sorbitol (w/w) in water, BGE = 20 mM borate, pH 8.2. Injection: 1s, vary pressure. (B) Linear 
working ranges for pressure-aided injections for various injection lengths and pressures. Sample 
= 1% sorbitol (w/w) in water, BGE = 20 mM borate, pH 8.2. (C) Overlaid electropherograms of 
increasing concentrations of sorbitol, demonstrating detector response with no observed signal 
saturation. (D) Linear response range of sorbitol in water with concentrations ranging 0.1% - 
50.0% (w/w), BGE = 20 mM borate, pH 8.2. Injections: 5 PSI,1s. Electrophoresis is performed at 
6.5 kV on 30 cm capillary for (C) and (D). (E) Relevant portion of an electropherogram of three 
separated sugar molecules: mannose, lactose and fructose. The sample is a mixture of each at 
1 mg/mL in 30 mM borate buffer at pH 9.5. BGE = 40 mM borate, pH 9.5. Injections: 7 PSI, 3s. 
Capillary is 100 cm long with 75 µm ID. 33 
2-3 Separation of small molecules in free solution. (A) Relevant portion of electrophoretic 
separations of a three analyte mixture for various injection lengths at constant pressure. As 
volume of sample injected increases, the analytes become more poorly resolved and lose peak 
shape integrity. Sample: 1 mg/mL each acetylcholine (1), caffeine (2) and fluorescein (3) in water. 
BGE: 20 mM borate, pH = 8.2. Injection: 5 PSI, 1s. (B) Linearity of detector response with varying 
slopes depending on analyte molecule as volume of analyte injected increases. Error bars for all 
data sets represent the standard deviation of three sample sets. (C) Microring response varies 
with increasing concentrations for molecules. As caffeine concentration increases, inversion of 
peak is observed. Injection: 5 PSI, 1.0s. BGE: 20 mM borate, pH 8.2. (D) Linear correlation is 
observed between analyte concentration and detector response. Sensitivity of mass injected is 
dependent on analyte, examined further in Figure 3-11. The data for caffeine response are 
corrected by subtraction of a sample solvent blank (18.20 MΩ H2O). 34 
2-4 Analyte migration across sensor arrays. (A) Relevant portion of simultaneously collected 
electropherograms of a three-analyte separation with cluster-based coloration that indicates 
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~ 18,400 g/mol, pI = 5.1) at 10 mg/mL each in 1 mM borate and a 100 mM borate BGE, both pH 
8.2. Resolution of β-lactoglobulin isoforms A and B is observed, demonstrating high resolution 
capabilities of CE. Injection: 5 PSI, 2s. (B) Sensitivity of response to protein standards is similar 
for each with minor differences in slope. This is expected due to the similar refractive indices of 
these proteins, all composed of polypeptides. Varied above are concentrations from 1.0 mg/mL 
to 20 mg/mL under similar injection parameters as (A) demonstrating good correlation of mass 
response for three proteins. 36 
2-6 Interface of capillary and microring resonators arrays. (A) Capillary is threaded into the 
custom 3D-printed flow cell so that analyte exits directly on top of sensor chips. Capillary inlet is 
placed into a pressured vial containing buffer and sample solutions. Voltages are applied using 
platinum wire in buffer inlet and outlet vials, with ground placed at outlet to minimize noise in 
electropherograms. Entire assembly is screwed down onto an anodized aluminum cartridge 
holder. (B) Schematic representation of sensor chip. For any experiment, one channel of rings 
(64 analytical sensors and two thermal control sensors, here highlighted in blue) are monitored.
 37 
2-7 Renderings of flow cell lid and gasket assembly. The flow cell is created by sandwiching 
the mylar gasket between the microring sensor chip and cartridge lid. This creates a robust flow 
cell with reproducible alignment. Stereolithography CAD files may be provided upon request to 
the authors. 38 
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(w/w) in water, BGE = 20 mM borate, pH 8.2. Injection: 5 PSI, varied duration. (B) Overall detector 
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maximum calculation (C).  40 
2-10 Characterization of cross-chip changes in peak shape. (A) and (B) demonstrate that upon 
migration across the chip surface, analyte peak shape changes may be directly observed and 
 ix 
quantitated, both as a function of the peak height and the full-width at half maximum height of 
analyte peaks (FWHM). The given distances are the approximate space of a particular cluster of 
four rings from capillary outlet and representative of the general trend observed in Figure 2-4A in 
the main text.   41 
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is injected once, but the chip has been functionalized first with (3-Aminopropyl)triethoxysilane and 
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3-1 Hyphenation of Size Exclusion Chromatography with Antibody Capture Array 
Experimental Set-up.  61 
3-2 Binding of IgG to Antibody Capture Agents. (A) UV-Vis chromatogram of IgG. (B) Raw 
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3-10 Correlating Absorbance Data. UV-Vis calibration of data associated with Figure 5, 
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4-1 (A) Schematic representation of microfluidic device with inherited platform features 
denoted. (B) Three-dimensional rendering of microfluidic device. Buffer ports serve as means of 
filling the device and electrode placement. (C) Example of experimental setup with electrodes 
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These devices were printed by Dr. Cody Pinger at Michigan State University in two different, 
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Chemical separations typically rely upon unique chemical properties of target 
molecules for discrete identification. Universal detectors are an appealing alternative to 
methods like optical absorbance and fluorescence because they enable detection of 
analytes without these chemical signatures and can be used without analyte modification 
(e.g. adding fluorescent tags). Silicon photonic microring resonator arrays are one such 
universal detector that facilitates chemical measurements using a refractive index-based 
(RI) approach. Currently, there is no commercially available RI detector for capillary 
electrophoresis (CE). The work presented here strives to demonstrate the suitability of 
microring resonator arrays as a detector for chemical separations, as well as approaches 
that were developed in order to hyphenate a post-column detector with chemical 
separations through 3D-printing and microfabrication.  
Chapter one of this document presents an overview of existing technologies that 
incorporate universal analyte detection with chemical separations, predominantly CE and 
high performance liquid chromatography (HPLC). Approaches for post-column and on-
column detection of analytical separations are discussed and give a glimpse at ways that 
may be applied for future detector development, as in the case of whispering gallery mode 
sensors, back-scattering interferometry, and surface-enhanced Raman scattering. 
Commercial universal and RI detectors such as the refractive index detector, charged 
aerosol detector and evaporative light scattering detector are used in agrochemical, 
pharmaceutical, and polymer industries, but these detectors suffer from practical 
limitations that motivate continued progress of alternative detectors.  
In chapter two, a novel approach for hyphenating silicon photonic microring 
resonator arrays with capillary zone electrophoresis (CZE) is discussed. A post-column 
detection interface enables application of high voltages across a standard fused silica 
capillary from which analytes migrate and are detected by a row of microring resonators. 
Universal analyte detection is demonstrated for different classes of molecules. Calibration 
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is performed with a non-absorbing molecule, and a CZE separation of three sugars is 
demonstrated without the need for analyte labeling. Small molecules and proteins are 
separated with differences in sensitivity observed as a function of refractive index. Analyte 
mobility can be determined due to the array-based nature of the sensor design, and extra-
column broadening is quantified as a function of plate height. Ultimately, this approach 
reveals a promising universal detection platform for capillary electrophoresis with several 
orders of linear analyte response, although improvements in the flow cell would benefit 
analyte sensitivity and limit band broadening. 
A key feature of microring resonator arrays is the ability to discretely modify 
clusters of sensors with (bio)chemical capture reagents. Chapter three details the use of 
microring resonator arrays that have been functionalized with antibody-based capture 
reagents to perform multiplexed immunodetection of analytes separated by size-
exclusion chromatography. Microring resonators have been shown in numerous 
applications to be a suitable detector for HPLC, but the use of modified sensors in series 
with chemical separations has not yet been demonstrated (in fact, post-column detection 
with multiplexed surface reagents has not been demonstrated). In this work, antibodies 
(IgG, IgA, and IgM) are separated and detected using multiplexed antibody capture 
agents. Binding assays show good detection limits on the same order of magnitude as 
UV-Vis detection, and unknown samples show accurate microring response compared 
with UV-Vis. This work shows how functionalization can be leveraged to obtain more 
sensitive, label-free detection with a versatile platform and how multiplexed chemical 
modifications can provide an additional dimension of chemical information when used in 
conjunction with complementary detection modalities. 
With the goal of a facile approach to interfacing a voltage-driven separation with 
the microring resonator platform, chapter four details a 3D-printed device that interfaces 
in a straightforward manner with microring resonator sensor chips. A straight-channel 
device with simple injection and analysis parameters is characterized, in addition to 
relevant electrical properties. Voltage-driven analyte migration is integrated with 
multiplexed immunocapture in the form of single strand nucleic acid oligomers, and 
compatibility with complex matrices is tested. Devices were printed from a wide variety of 
polymer resins, including cyanate esters and various acrylate polymer blends via several 
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different commercial printing strategies such as fused deposition modeling (FDM) and 
continuous liquid interface production (CLIP). Channel dimensions greatly limit the 
applicability of these devices for microchip electrophoresis separations, and so 
separations were not achieved. We demonstrated reproducible electrophoresis of single-
stranded DNA (ssDNA) and multiplexed detection of various ssDNA targets. This modality 
enabled analysis of small injection volumes (<1µL) not yet analyzed with microring 
resonators. However, this work was greatly limited by commercially available 3D-printing 
methods and therefore should be reassessed at a future time upon advances in 3D-
printing resolution. Reducing the size of relevant dimensions with these devices is critical 
for successful integration. 
In chapter five, an approach is described meant to ameliorate the limitations 
described in chapter four. A multilayer polydimethylsiloxane (PDMS) microchip device 
was developed to integrate electrophoresis with a microring resonator chip. In this work, 
a novel fabrication approach is described that yields a traditional t-channel device with an 
integrated gasket layer for incorporation with a microring resonator array chip. This 
strategy permanently bonds the microchip device with the microring sensor chip. While 
electrophoresis was demonstrated using fluorescence-based detection, challenges in 
instrument optical coupling prohibited further progress. Device fabrication in alternative 
materials such as thermoplastics or glass may enable refractive index-based detection of 
microscale separations while addressing these and other challenges in RI formats, such 
as thermal sensitivity of measurements. 
The Genalyte Maverick platform is a robustly developed system for performing 
multiplexed biomarker detection. However, this instrumentation also constrains the 
available dimensions for separations flow cell development. In chapter six, optimization 
of our flow cell is discussed largely in the context of integrating a wall-jet flow effect for 
increasing the bulk sensitivity of microring resonators for high molecular weight polymers 
separated by gel permeation chromatography. In short, a decay in the mass sensitivity of 
microring resonators is observed for polymers of molecular weights roughly greater than 
120 kD. Wall-jet fluidics are commonly used to increase mass transfer of molecules for 
surface-sensitive detection schemes and was implemented to circumvent this sensitivity 
decay. Improvements in sensitivity were not observed, although flow cell optimization did 
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show modest improvements in chromatography. Finally, strategies for reducing the 
dimensions of a CE flow cell and alternative flow paths are provided. 
Chapter seven summarizes the progress within this document, namely integration 
of microring resonator arrays with separations for both bulk refractive index 
measurements and multiplexed biomolecular sensing. Progress and techniques for 
integrating these systems is also described. Finally, a series of suggested critical work is 
described for microring resonators that may also be applicable to other universal 
detection schemes. Work presented herein details bulk RI detection of carbohydrates; a 
continuously growing field of research is in the study of protein glycosylation and 
associated N-linked glycans. Bulk RI is a straightforward means of detecting these 
molecules that require labeling for current CE detectors. Polyphosphates are another 
example of an analyte for which bulk RI is well-suited, as these long-chains of phosphate 
molecules do not readily absorb in UV-Vis. Leveraging the ability to functionalize 
microring resonators through multiplexed panels of carbohydrate-binding lectins has the 
opportunity to add a valuable dimension of chemical affinity information that is 
complementary to detectors like mass spectrometry. These are simply a few examples of 





Addressing Label-Free Analytical Detector Development Through On-Column and 
Hyphenated Strategies  
 
1. Introduction 
Detection in chemical separations conventionally requires that an analyte possess 
some form of chemical signature. Fortuitously, many molecules of interest to the 
separations scientist have chromophores that facilitate detection with commercially 
available detectors. Many biomacromolecules, for example, routinely absorb light in the 
ultraviolet portion of the electromagnetic spectrum due to the conjugated structures of a 
peptide backbone or the presence of nitrogenous bases. However, there are many 
relevant classes of molecules that require chemical modification or indirect means to be 
detected, as in the case of carbohydrates. As such, a need for suitable detectors has 
driven recent innovations in a variety of detection modalities over the last three decades.  
Refractive index (RI) detection is appealing due to the nature of universal detection 
strategies. Analyte tagging protocols often must be tailored to particular class of 
molecules and can often yield incomplete labeling that biases quantitative metrics. 
Indirect detection methods generally suffer from the need to properly select a background 
chromophore. Refractive index-based detection modes rely on the differences in the 
dielectric property of a material, a value not limited to any requisite molecular structure. 
As such, the goal of incorporating RI detection with chemical separations has inspired 
different approaches for liquid, gas, and superfluid chromatography, as well as 
electrophoresis. Herein, previous work in RI-based detection for chemical separations will 
be described. Some of these approaches demonstrate post-column hyphenation 
strategies that are critical to incorporating surface-sensitive detectors and will also be 
addressed. Within this chapter, both novel and conventional strategies for incorporating 
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alternate detection modalities will be discussed to provide the reader with practical insight 
into incorporating novel detectors with chemical separations.  
2. Advances in Non-Commercial Detectors 
Largely over the last thirty years, advances in analytical detectors have remained 
within the academic literature. These approaches have sought to incorporate novel 
detectors beyond standard UV-Vis, fluorescence, and mass spectrometry. Approaches 
are here divided into measurements made post- and on-column. A major advantage of 
on-column measurements is reduced extra-column broadening, but as many of the 
approaches that will be discussed are surface-sensitive, impressive efforts have been 
directed at mitigating these effects upon elution/migration from the column.  
2.1 Whispering Gallery Mode Sensors 
Whispering gallery mode (WGM) sensors are a class of microfabricated optical 
sensors that confine light within waveguide structures through principals of total internal 
reflection. Light resonates circumferentially within a radially-symmetrical structure, 
commonly in geometries such as rings or spheres. Functionally, this yields a highly 
sensitive photonic sensor that has seen broad utility in biosensing applications.1–3 Our 
group and others have extensively reviewed WGM sensors, but key aspects will be 
described here for context of this dissertation with regards to microring resonators.4–6 
Silicon photonic microring resonators are chip-integrated microcavity sensors 
consisting of a linear waveguide adjacent to a ring-shaped silicon-on-insulator (SOI) 
microring cavity, Figure 1-1. Light is coupled into a linear waveguide via grating coupler 
under relevant optical resonance conditions, which then propagates into an adjacent 
microring structure, the resonant microcavity. This resonance condition is defined by the 
equation 
mλ = 2πrneff 
where m is an integer value, λ is the wavelength of light, r is the radius of the microring, 
and neff is the effective RI of the waveguide mode. Changes within the evanescent field 
of the microring surface result in a measurable shift in the resonant wavelength that can 
be used for quantitation. Microring resonators have reported bulk sensitivities of 163 
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nm/RIU and a detection limit on the order of 10–7 RIU, while other classes of WGM 
sensors may have even higher sensitivity.7 Functionally, however, microring resonators 
are straightforward in fabrication due to the absence of higher-order geometric structures 
present in, for example, microgoblets resonators.  
In our lab, sensor chips and instrumentation were acquired from Genalyte, Inc., a 
company developing microring resonator arrays for multiplexed biomarker analysis with 
diagnostic applications. Each microring resonator sensor chip consists of 128 active 
sensors that are grouped into clusters of four microrings split amongst two channels of 
16 clusters. A fluoropolymer cladding of CYTOP coats the chip and four thermal control 
sensors, which prevents exposure to the analyte while still sensitive to environmental 
perturbations. These thermal control microrings are critical to the functionality of this 
refractive index-based platform because analytical signal is highly susceptible to changes 
in temperature. Microwave frequencies are used in this platform via tunable external 
cavity laser centered around 1550 nm which scans arrays of grating couplers in under 
nine seconds. 
To reiterate, microring resonators have been utilized in a multitude of biosensing 
formats. In our group, this has been extended to multiplexed assays for detection of 
nucleic acids (RNA and DNA), proteins, and small molecules.8–12 As depicted in Figure 
1-2, these experiments leverage silanization chemistries that enable surface modification 
with a variety of molecular sensing reagents, frequently nucleic acid oligos, antibodies, 
nanodisc membrane bilayer mimetics, and polymers.13,14 However, the RI-based nature 
of microring resonators provides for a sensor capable of making bulk measurements 
without addition of surface ligands.  
Microring resonator arrays have been utilized extensively for high performance 
liquid chromatography (HPLC) detection. Early work showed the promising nature of 
microring resonators, chiefly the gradient compatibility of this sensor. In this work, the 
microrings were placed in series with additional detectors such as UV-Vis to further 
validate this work and demonstrated exceptional continuity with regards to flow cell 
geometry and volumes. The same experimental approach was used for polymer analysis 
for analytes lacking chromogenic signatures with isocratic and gradient-elution 
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chromatography. Recent work by other authors has also sought to leverage microring 
resonators for LC detection.15  
WGM sensors have also found use in various other separations formats. Work by 
Kim and Dunn demonstrated a post-CE detection strategy using a microsphere resonator 
that was placed in proximity to the outlet of the capillary.16 This work demonstrated utility 
in direct detection of various cations and carbohydrates. However, prior work integrating 
ring resonators with CE was demonstrated by Fan and coworkers where a microring was 
etched directly into the capillary for analysis, circumventing post-capillary broadening 
effects.17,18 A similar, hyphenated scheme was employed in order to detect eluents from 
gas chromatography (GC).19 Work by our lab leveraged aspects of each of these 
approaches to interface arrays of microring resonators with CE in a post-capillary with 
description of the impact of extra-column broadening on these formats. Flow cells 
generally must be on the microscale to remain compatible with CE sample volumes, often 
on the nanoliter scale where detection limits can begin to suffer depending on the 
application needs.  
WGM sensors are promising analytical detectors that have seen sustained interest 
in recent years for use as a universal analyte detector with analytical separations. 
Compatibility with gradient elution chromatography, integrated thermal controls, and 
robustness to many chemical systems are a few reasons progress is anticipated for these 
sensors. The functionalizable nature of WGM sensors promises additional chemical 
information in addition to universal RI detection. However, challenges with post-column 
detection, such as extra-column broadening in the case of CE, must be overcome for 
WGM sensors to see widespread utility.   
2.2 Surface Plasmon Resonance 
Commonly known for applications in biomolecular sensing applications, surface 
plasmon resonance (SPR) is a surface-sensitive optical biosensor amenable to both bulk 
RI measurements and interactions with surface-bound molecules. In short, changes in 
the reflectivity of light are monitored as a result of changes in the local refractive index of 
the gold surface environment, enabling highly sensitive RI-based measurements. SPR 
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has been employed in conjunction with HPLC and CE to various extents over the last 
thirty years, with interest in its applicability continuing until today.  
Early work pursued interfacing HPLC with SPR, with examples reaching back to 
1993.20 Efforts consistently demonstrated the compatibility of this sensor with HPLC for a 
wide variety of analytes, ranging from proteins to carbohydrates.21–23 Surface-
modification was eventually used to take full advantage of this system, with applications 
aiming to remediate surface fouling and methods to leverage surface-based solid-phase 
reactions of eluates.24,25 Most recently, investigators have sought to gather affinity-based 
measurements prior to detection with additional detectors such as mass spectrometry, 
providing a preview at how additional chemical information can be gathered for additional 
analytical performance.26–28  
In a similar vein, work largely pioneered by Zare and coworkers demonstrated a 
platform for hyphenating capillary electrophoresis with SPR in which both bulk RI 
measurements and analyte-binding measurements are demonstrated.29 The work was 
followed upon in a study demonstrating the critical importance of flow cell design for post-
column analysis.30 Microfabrication in polydimethylsiloxane was used to create 
microfluidic flow cells with different volumes, with correlation between peak widths and 
cross-sectional area of the flow cells observed and a statement of the importance of 
matching column and flow cell cross-sectional areas. Later work hyphenating CE with 
SPR showed promising bulk RI and affinity measurements for different analyte systems.27  
Surface plasmon resonance is a promising approach for detection in many 
different modes of analytical separations. As with many post-column detection schemes, 
challenges must be overcome before it finds widespread adoption beyond academic 
exercises. A limitation of SPR is that flow cells are often limited to a single chemical 
functionalization, and so throughput of affinity measurements is reduced when compared 
to multiplexable surface detection formats. Care must be exercised when designing post-
column flow cells to mitigate extra-column broadening, and microfabrication approaches 
are recommended for nanoliter scale separations. In the case of capillary electrophoresis, 
robust grounding methods must also be developed, and controls for thermal and 
environmental noise would aid in measurement noise.  
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2.3 Surface-Enhanced Raman Spectroscopy 
A surface-based spectroscopic technique, surface-enhanced Raman 
spectroscopy (SERS) is a widely-used technique for post-column detection of analytical 
separations. SERS is a highly sensitive detection method compared to conventional 
Raman spectroscopy, relying on the plasmonic enhancement of the SERS substrate. 
Because of its sensitive nature, a great amount of effort has been placed on means of 
hyphenating separations such as HPLC, CE, and GC with SERS detection. The planar 
nature of SERS substrates implies similar challenges to aforementioned post-column 
detection strategies, and so discussion of these endeavors is critical.  
SERS has been used in a variety of groups’ HPLC detection studies with common 
applications in drug and other small molecule detection, initial studies dating back 
approaching thirty years (in addition to studies involving GC).31,32 It is of particular interest 
in HPLC studies as a non-destructive and label-free detection scheme, in addition to high 
sensitivity. Therefore, in studies requiring a good degree of specificity with sensitive 
detection, SERS has become a common choice.33–37 One strategy that has been taken 
in order to further enhance the sensitivity of SERS in conjunction with HPLC has been 
the use of a sheath-flow, whereby a secondary flow confines the eluent from a capillary 
liquid chromatography column within the most sensitive region of the SERS substrate.38–
40 Similar approaches have been taken to interface capillary and even microchip 
electrophoresis with SERS.41 Most recently, sheath-flow has provided detection limits as 
low as 10-8 M for amino acids and peptides.42–44 On-column approaches have been 
developed involving growth of SERS substrates within the capillary to avoid the necessity 
of post-column fluidics.45 Improvements interfacing SERS with capillary separations 
promise the ability to make sensitive measurements at reduced sample volumes with 
data-rich spectra yielding label-free detection without the need for additional analyte 
modification. 
2.4 Interferometric and Adjacent Optical Methods 
Measurements made on-column suffer less from extra-column broadening, as well 
as inherently avoiding cumbersome means of post-column hyphenation. One strategy, 
particularly in the case of capillary electrophoresis measurements, has been incorporating 
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interferometric optical techniques directly on-column for refractive index detection. 
Among the earliest examples is work by Bornhop and Dovichi (1986) in which a 0.5 mm 
ID capillary was used to make refractive index-based measurements.46 This work was 
followed by decreased capillary sizes and applications to novel analyte systems.47,48 A 
variety of different RI detection modes arose, leveraging holography and Schlieren 
optics.49–52 Most recently, work by Dunn and coworkers have revitalized early work by 
Bornhop in the technique of back scattering interferometry (BSI), demonstrating analyte 
detection ranging from simple ions to amino acids with a straightforward optical setup.53–
58 BSI appears to be a promising development for universal RI detection in CE, however, 
a common theme among these methods is great susceptibility to environmental thermal 
changes and the inherent small pathlengths of fused silica capillaries that limits detection 
sensitivity.  
2.5 Capacitively Coupled Contactless Conductivity Detection (C4D) 
A final technology that should be discussed is capacitively coupled contactless 
conductivity detection (C4D), a rapidly emerging technique particularly well-suited for 
capillary electrophoresis separations. While not a RI-based technology, C4D is known as 
a universal detection scheme that requires no analyte modification as signal is generated 
through differences in the conductivity of separated analytes.59,60 In recent years, C4D 
has been demonstrated with different modes of CE separations, including CZE and 
capillary isotachophoresis (cITP)61 and has been coupled with UV-Vis detection and mass 
spectrometry.62,63 Though commercial C4D detectors have begun to emerge, widespread 
adoption has yet to be seen despite the encouraging progress with this universal analyte 
detector.64 
3. Commercial Separations Detectors and Industrial Applications 
There are currently several options for commercially-available detectors for 
RI/universal detection, three of the most common being the refractive index detector 
(RI),65 evaporative light scattering detector (ELSD),66–68 and charged aerosol detector 
(CAD).69–71 These detectors are commonly used in conjunction with HPLC, although there 
are distinct challenges that have prevented any one of these detectors from becoming 
the sole industry standard. RI detectors are a universal optical detector that measures 
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differences in refractive index between a sample and reference cell. The result of this is 
a systemic incompatibility with gradient chromatography, as the reference flow cell 
maintains a single mobile phase composition.72 The ELSD is a type of aerosol-based 
detector in which the analyte and mobile phase are nebulized and solvent is evaporated 
from the sample particles. Light is scattered by these dried particles and detected, though 
this produces nonlinear calibration response that makes quantitation difficult.73,74 CAD is 
similar to ELSD, in that sample and mobile phase are nebulized and dried, but the analyte 
particles are charged by a stream of ionized gas particles and then detected. CAD has 
offered improvements in sensitivity to ELSD, but still suffers from a nonlinear calibration 
response.75–77  
These detectors have found routine use in industrial settings despite some of these 
drawbacks. While exact applications may vary, universal analyte detection is of interest 
to the agrochemical, pharmaceutical, and polymer industries. In agrochemical and 
pharmaceutical industries, these detectors are commonly used in studies of counterions, 
excipients, carbohydrates, and weakly absorbing organic molecules.78–81 Within the 
polymer industry, challenges with non-absorbing analytes has made ELSD a routine 
choice.82 
4. Conclusion 
Many different detection modalities continue to be developed with the goal of 
universal and label-free analyte detection for analytical separations. While commercial 
detector options fulfill many of the current needs for analyte detection, sustained progress 
should realize a straightforward approach that is universal, non-destructive, gradient-
compatible, linear in mass response over several orders of magnitude, thermally-robust, 
and compatible with different modes of chromatography and electrophoresis. Refractive 
index detection is a natural method for a universal analyte detector, but other technologies 
such as SERS and C4D continue to show exciting applications. Combining these 
technologies with conventional commercial detectors such as UV-Vis, mass 
spectrometry, and commercial RI detectors (e.g. CAD, ELSD) should enable robust and 
chemically-rich separations data. A summary of each technique is given in Table 1-1. The 
potential impact in the polymer and pharmaceutical industry (and beyond) highly 
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incentivizes progress in this field, with broad utility in many experimental applications. 
Efforts in developing some of these technologies have slowed in recent years, but 
sustained interest has yielded incremental progress as electronics industries and sensing 
technologies mature. To that end, the work within this dissertation should demonstrate 
the possibilities that lie ahead for just one technology as a detector for analytical 
separations. Microring resonator arrays were initially developed for multiplexed 
bioanalysis, but here promise applications in universal analyte detection. Furthermore, 
techniques are described and improvements are suggested to facilitate future interest in 





Table 1-1. Summary of Techniques. Various techniques addressed within this chapter 
with associated detection limits and an associated major advantage for a particular 
technique. Detection limits are general and encompass variations of certain sensors. 
For example, whispering gallery mode sensors encompass different geometries, such 
as microrings and microspheres; SERS encompasses various substrates materials and 






Figure 1-1. (A) Example of a microring resonator sensor chip layout with two distinct rows 
of sensors. (B) Photograph of a cluster of four microring resonators. (C) Light propagates 





Figure 1-2. (A) The shift in the dip of transmission resonant wavelength of light is 
monitored as a function of time (B) in the detection of local perturbations in refractive 
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Abstract 
Electrophoretic separations conventionally rely on chromogenic, fluorogenic, or 
redox properties for analyte detection that, in many instances, involve chemical 
modification of samples prior to analysis. For analytes natively lacking chemical 
signatures, refractive index-based measurements are appealing as a method to detect 
these molecules without pre-treatment. Microring resonators are a type of whispering 
gallery mode sensor capable of detecting bulk changes in refractive index. Here, we 
demonstrate the use of silicon photonic microring resonator arrays as a post-column 
detector for capillary electrophoresis. In this approach, we establish the universal 
detection capabilities of microrings through calibration with analytes lacking unique 
spectral signatures. Separations of small molecule mixtures are demonstrated using 
capillary zone electrophoresis. For these separations, the microring resonators maintain 
a linear response over several orders of magnitude in concentration for three candidate 
small molecules. Successful separation of three sugars with direct detection is also 
demonstrated. We further present the successful separation and detection of three model 
proteins, exemplifying the promise of microring resonators arrays as a biocompatible 
 21 
detector for capillary electrophoresis. Additionally, the spatially offset, array-based nature 
of the sensing platform enables real-time analysis of analyte mobility and performance 
characterization—a combination that is not typically provided using single-point detectors. 
1. Introduction 
Capillary electrophoresis (CE) is a powerful technique for analytical separations in 
a variety of pharmaceutical and clinical applications.1–7 Nanoliter scale injections enable 
highly efficient separations based on size and charge of analytes. Separation efficiencies 
in capillary electrophoresis are generally much higher than in liquid chromatography 
because of fewer diffusional terms distorting analyte migration. This results in plate 
numbers routinely on the order of 106, which is an order of magnitude higher than 
conventional high pressure liquid chromatography for similar analytes.8,9 Electrophoretic 
separations can also be performed on microanalytical devices to reduce assay time and 
sample input requirements.10  
Workhorse optical detectors for capillary electrophoresis, such as optical 
absorbance, laser-induced fluorescence, and electrochemical detection, are only 
applicable to species possessing chromophores, fluorophores, or redox activity, which 
can limit the scope of analyses by necessitating analyte labeling or indirect detection 
methods.11 The sample volumes often required for derivatization schemes and 
incomplete labeling can limit these techniques for routine analysis of multiple analytes in 
complex matrices. Simultaneous measurements of multiple analytes with conventional 
systems is also limited by spectral resolution, conventionally limiting multiplex 
measurements to only a few analytes.12 
By contrast, refractive index (RI) based detection methods can avoid these 
preparative challenges and are considered universal analyte detectors. Refractive index 
detection schemes generally rely on the differential propagation of light through a 
medium. Chemical signatures are unnecessary for RI detection, and so labeling with 
expensive tags can be avoided. For precious samples, many classes of RI-based 
detectors are non-destructive. However, bulk RI sensitivity is limited by challenges of 
conventional RI detectors such as small CE sample volumes (on the nL scale) and 
incompatibilities with small flow cell pathlengths.13,14 Additionally, the relative temperature 
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instability of many RI detection approaches and non-robust experimental configurations 
have also limited wide-scale implementation of these techniques. 
Of note, recently there have been several advanced techniques that have enabled 
RI detection as applied to CE analyses. Bornhop and coworkers first integrated capillary 
electrophoresis with a back scattering interferometry (BSI) detection scheme directly in 
capillary.13,15,16 Several recent reports by Dunn have further established the utility of BSI 
for analyses in conjunction with electrophoretic separations.17,18 A series of other on-
column techniques have also been demonstrated, including those based on thermo-
optics,15,19 holography,20,21 interferometry,17,18,22,23 or other refractive index modes that 
are also subject to limitations from optical pathlengths or thermal sensitivity.24–27  
Surface plasmon resonance (SPR) is a surface-based sensing technique in which 
RI changes can be detected by perturbations in localized evanescent field at a gold 
surface. Whelan and Zare first used this technique with capillary electrophoresis to couple 
post-column detection of immunoglobulin proteins from a capillary to an SPR sensor 
chip.28 More recently, a report that featured improved grounding showed promising 
affinity-based measurements.29 Also of particular interest, Fan and coworkers developed 
a liquid-core optical ring resonator (LCORR) system in which a microcavity ring was 
etched circumferentially into the fused silica capillary to develop a new class of whispering 
gallery mode (WGM) sensing for detection of sugar and biological molecules in a label-
free manner.30,31 More recently, Kim and Dunn demonstrated integration of CE with a 
microsphere WGM sensor, further enhancing the already impressive sensitivity of a 
microsphere detector via lock-in amplifier signal modulation and reinforcing that WGM 
sensors are a promising manner for universal analyte detection in capillary 
electrophoresis.32 
Microring resonators are a related class of WGM sensors,33–37 with chip-integrated 
silicon photonic resonators having found broad utility in chemical and bioanalysis.38–41 In 
brief, silicon photonic microring resonators are chip-integrated microcavity sensors 
consisting of a linear waveguide adjacent to a ring-shaped silicon-on-insulator (SOI) 
microring cavity. Under resonance conditions, light propagates from the linear coupling 
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waveguide into the microring, which serves as the resonant cavity. The condition 
governing this resonance is defined by:  
mλ = 2πrneff 
where m is an integer value, λ is the wavelength of light, r is the radius of the microring, 
and neff is the effective RI of the waveguide mode. As the local RI surrounding the 
microring surface changes, a measurable shift in the resonant wavelength can be 
detected. These sensors can therefore yield highly sensitive response to analytes within 
the evanescent field of the microcavity with reported bulk sensitivities of 163 nm/RIU and 
a detection limit on the order of 10-7 RIU.38  
Of particular relevance here, microring resonators have been demonstrated to be 
a powerful detector for LC separations. Specifically, as applied to the analysis of small 
molecules, the microrings were demonstrated to be highly sensitive to changes in mobile 
phase composition, while simultaneously exhibiting a large dynamic range.42 When 
coupled to gel permeation chromatography for applications in industrial polymer analysis, 
microrings were shown to outcompete a conventional RI detector by offering a larger 
linear dynamic range.43  
Herein, we report the hyphenation of capillary electrophoresis with silicon photonic 
microring resonator arrays. Using this sensing platform for post-column analysis of 
electrophoretic separations, we demonstrate microring resonators as a bulk RI detector 
for CE. CE provides high efficiency and robust separations for many classes of chemical 
species which we leverage together with the large linear dynamic range of microring 
resonators as a universal detector. Further, we show the separation of two different, 
three-analyte small molecule systems including sugars, which lack chemical signatures, 
and a system with differing RIs to show sensitivity. Given the array-based nature of our 
sensor platform, we characterize in near real-time peak migration. As a final 
demonstration of biocompatibility, microring resonators were applied to the on-line 




All reagents were used as received. (3-Aminopropyl)triethoxysilane (APTES), 
boric acid, sodium tetraborate decahydrate, D-(+)-mannose, D-lactose, D-(-)-fructose, 
fluorescein sodium salt, caffeine, acetylcholine chloride, myoglobin from equine skeletal 
muscle, hemoglobin from bovine blood, and β-lactoglobulin from bovine milk were 
purchased from Millipore Sigma (St. Louis, MO). Sorbitol, acetone, isopropyl alcohol, 
StartingBlock (PBS) blocking buffer, and EZ-Link NHS-PEG4-Biotin No-Weigh Format 
were purchased from ThermoFisher Scientific (Waltham, MA). All water used was from a 
Thermo Scientific Barnstead GenPure water filtration system with resistivity of 18.20 MΩ. 
Fused silica capillary was purchased from Polymicro Technologies (Phoenix, AZ) with 
dimensions 75 µm ID x 363 µm OD. For separation and detection of sugars, 
electrophoresis was in 40 mM borate buffer at pH 9.5, while samples were diluted in 30 
mM borate buffer at pH 9.5. Electrophoresis of small molecules was performed in 100 
mM borate buffer at pH 8.2 for samples of sorbitol, fluorescein, caffeine, and acetylcholine 
chloride prepared in 18.20 MΩ water, while protein samples were prepared in 1 mM 
borate buffer at pH 8.2. All samples were filtered through a 0.2 µm Nylon filter (VWR 
International, Radnor, PA).  
2.2 Silicon Photonic Microring Resonator Arrays 
Sensor chips and instrumentation were purchased from Genalyte, Inc. (San Diego, 
CA). Silicon-on-insulator sensor fabrication and instrument performance have been 
described previously.44,45 Briefly, microring resonator sensor chips consist of 128 active 
sensors arranged in clusters of four, and arrayed as two parallel channels of sixteen 
clusters each. Each channel features two active sensors with a fluoropolymer cladding 
that prevents solution exposure while remaining sensitive to environmental thermal 
fluctuations. The behavior of these rings can be subtracted from the active sensing 
experimental rings to directly control for thermal variability in measurements, a key 
limitation of many refractive index detecting modalities for CE. An external cavity tunable 
laser centered around 1550 nm is used to spectrally identify resonances via grating 
coupling to the linear waveguide adjacent to each microring. This process scans the total 
sensor array in approximately 9 seconds, though this can be decreased if fewer 
microrings are interrogated. 
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2.3 Capillary Interface with Genalyte Maverick Platform 
Hyphenation of electrophoresis to microring resonator sensor chips was 
accomplished through on-line, continuous post-column detection. Fused silica capillary 
was threaded through 0.3 mm ID x 1.58 mm OD Teflon tubing from Supelco. The exposed 
capillary was then threaded through a 0.4 mm hole in a custom 3D-printed flow cell lid 
(Strasys J750 in Vero resin printed by the University of Michigan Fabrication Studio) in 
order to position the capillary directly at the sensor surface. Devices were sanded 
sequentially with 120, 320, 500 and finally 1000 grit sandpapers to facilitate flow cell 
integrity. This flow cell is bound by a 0.007” polyethylene terephthalate gasket defining 
the lateral flow path between the sensor chip and 3D-printed cartridge top, as shown in 
Scheme 1. The capillary and tubing are secured in place using a ¼-28 threaded nut, 
facilitating reproducible placement of the capillary on the sensor chip. In a similar manner, 
Teflon tubing was connected to the outlet of the cartridge top, leading to the exit buffer 
reservoir. Design-wise, this flow cell is directly analogous to that used in previous studies 
from our group. Renderings of this flow cell are in Figure 2-7. This design has been 
validated in conjunction with chromatography.42,43 Direct placement of a capillary within 
the flow cell immediately before in series detection affords a facile means of coupling 
electrophoresis to these sensors and allows us to leverage an array of sensors, rather 
than detection at a single point.  
2.4 Electrophoresis Methods 
For analyses, capillaries were conditioned by rinsing at 5 PSI for five minutes with 
0.1M HCl, two minutes with 18.20 MΩ purity water, ten minutes with 0.1M NaOH, and five 
minutes with running buffer to promote reproducible electroosmotic flow (EOF). The 
capillary inlet was inserted into a sealed, pressurized vial containing samples and buffer, 
and outlet Teflon tubing was submerged in vial containing background electrolyte (BGE) 
buffer. For high voltage application, a Bertan 205B or Spellman CZE1000R high voltage 
supply was used with platinum wire (0.25 mm, Alfa Aesar) submerged in the buffer 
reservoirs with the ground electrode at the end of the flow cell to mitigate observed sensor 
noise. A custom pressure system with LabView (National Instruments) script was built to 
perform injections, as previously described.46 
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For all analyses, a photoresist coating was removed from microring sensor chips 
by brief immersion in acetone and then isopropyl alcohol. Protein analysis was performed 
much the same way. Microring resonator sensor chips were first functionalized with 
APTES and then reacted with a NHS-PEG4-Biotin linker, followed by immersion in 
StartingBlock blocking buffer to minimize biofouling during experiments. Capillary length 
was 30 cm for small molecule separations and 100 cm for sugar and protein separations, 
and electric fields were typically approximately 250 V/cm, though higher electric fields do 
not cause and deleterious effects, as detailed in Figure 2-12. 
2.5 Data Analysis 
In any given experiment, a single channel of sixty-four microrings was analyzed 
(Figure 2-6B). For quantitation, only a single cluster of four microrings closest to the 
capillary outlet was used to minimize effects of post-column broadening, as discussed 
later in this manuscript. Data were controlled for thermal and other environmental 
fluctuations by subtracting the trace of thermal control microrings coated in fluoropolymer 
cladding (Figure 2-12 A-B). Electropherograms were obtained using the average of four 
rings as technical replicates with thermal correction and plotted as the relative shift in 
resonant wavelength, in units of picometers (pm), versus time. Microring traces were 
averaged with a custom script in R, while peak analysis and statistics were performed in 
OriginPro 2016. For experiments monitoring diffusional broadening, several clusters of 
microrings were analyzed. Quantitative data presented within this manuscript are 
obtained from raw electropherograms without use of any statistical smoothing functions. 
All calibration data points and plate number values represent the average of three 
experiments, with error bars representing ± one standard deviation. 
3. Results and Discussion 
3.1 System Validation Using a Model Analyte 
Our homebuilt pressure system allows repeated, reproducible sample injections. 
On a 30 cm capillary, sorbitol is used as a means of characterizing system performance 
as injection parameters are varied and analyte is flowed across the sensor chip with no 
voltage applied. Sorbitol lacks a chromogenic signature and is inaccessible to 
conventional UV-Vis or fluorescence detectors. As system pressure is varied while 
 27 
holding the duration of injections constant, we observe increasing peak area, 
corresponding to increased mass injected (Figure 2-2A). In a corresponding manner, as 
injection pressure is held constant and length of injection is varied, we observe an 
increase in detector response (Figure 2-8). We observe deviations in linearity of mass 
injected as excessive volumes of sample are injected onto the capillary, providing us with 
a linear and reproducible working range of our pressure system for an appropriate sample 
as in Figure 2-2B. 
Under an applied electric field, EOF in a fused silica capillary allows for analysis of 
all polarities of analytes. A broad range of concentrations of sorbitol in water are analyzed 
by applying an electric field of 260 V/cm with a 20 mM borate buffer at pH 8.2 as BGE, 
shown in Figure 2-2C. The impact of applied electric field on peak shape and migration 
is detailed further (Figure 2-9). Peak areas are reproducible, in addition to peak shapes. 
Furthermore, for concentrations as high as 50% by weight of sorbitol, detector saturation 
is not observed. The linear response of the microrings to increasing concentrations of 
sorbitol is demonstrated in Figure 2-2D. We obtain detection limits of 0.3% ± 0.2% (w/w) 
or 15 ± 8 mM sorbitol. Microring resonator arrays are therefore a highly sensitive 
refractive-index based detector with a large linear dynamic working range, consistent with 
previous literature.42  We further explored the utility of microring resonator arrays as a 
detector for the separation of three sugar molecules, D-(+)-mannose, D-lactose, and D-(-
)-fructose (Figure 2-2E). Conventionally, detection of sugars requires either indirect 
modes or derivatization. We are able to routinely separate and detect these molecules 
without these cumbersome approaches. Here, we’ve separated a mixture of each at 1 
mg/mL in 40 mM borate buffer at pH 9.5. The capillary was extended to 100 cm and 28 
kV were applied to facilitate this separation (E = 280 V/cm). A negative water dip is 
observed, which is explored further in Figure 2-12C. Compared to these alternative 
methods, our detection platform suffers from band broadening. Typical plate numbers for 
similar sugar analyses are on the order of 105,47 while for this study we obtain plate 
numbers of 1420 ± 100 for lactose, 1380 ± 240 for mannose, and 1280 ± 160 for fructose. 
Post-column detection unfortunately introduces discontinuities in analyte migration that 
likely is the source of this broadening. Additionally, the capillary is open to the 
environment and not thermally controlled. For the purposes of the present study, this 
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method of CE hyphenation is suitable for detection of these challenging molecules. Thus, 
microring resonators could serve as a sensitive detection mechanism in the routine 
analysis of classes of analytes that would not be observable by conventional optical 
detectors, as in the case of carbohydrates and sugars.  
3.2 Separation of a Three-Analyte Small Molecule Mixture 
Having demonstrated microring resonator arrays as a detector for small molecules 
that are not amenable to UV-Vis or fluorescence modalities, we extended electrophoretic 
separations to this whispering gallery mode sensor to different classes of small 
molecules. Shown in Figure 2-3A, a mixture of acetylcholine, caffeine and fluorescein 
are separated in free solution conditions. At a concentration of 1 mg/mL, each in 18.20 
MΩ water with a 20 mM borate BGE at pH 8.2, all three molecules are shown to be well-
resolved at reasonable injection volumes. These analytes were chosen based on their 
charge and varied refractive indices (Figure 2-11). Acetylcholine possesses a positive 
charge and migrates first at positive polarity, caffeine is neutral, and fluorescein, harboring 
a negative charge, migrates last. Thus, the EOF generated under these buffer conditions 
enables detection of these three molecules differing in charge. With complete analyte 
resolution being desirable, various injection volumes were assessed by maintaining 
injection pressure constant and varying duration of injection. Strong correlation between 
peak area and injection volume is observed (Figure 2-3B), but at higher injection volumes 
baseline resolution is lost, further informing appropriate injection parameters. Serial 
dilutions of a mixture show electrophoresis with highly linear analyte response to varied 
concentrations across three orders of magnitude (Figure 2-3C). Sensitivity of each 
analyte response curve here is linear but varies with analyte, as demonstrated by the 
different slopes of the linear fits (Figure 2-3D). Bulk detection of these analytes 
demonstrates the importance of the difference in refractive indices of analyte molecules 
and background electrolyte. For analytes with similar RI values to the BGE, lower 
sensitivity is observed as is the case with acetylcholine. For detecting even more 
challenging molecules, alternative buffer compositions may need to be considered. 
Furthermore, a negative EOF marker is observed as comigrating with lower 
concentrations of caffeine. Blank subtraction, in this case an injection of ultrapure water 
that generates only a water dip, eliminates this negative trend, although the data are 
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indeed correlative without blank subtraction. An example of an injection of ultrapure water 
is given in Figure 2-12C. This trend can be mitigated by matching the sample diluent to 
the BGE, but this may interfere with sample compositions that enable pre-concentration 
techniques. It is shown in this work that the negative water dip flips to a positive value. 
This is due to a sufficient concentration of caffeine in the sample that alters the local 
difference in refractive index to a net positive contrast. For the lowest concentrations of 
caffeine, the neutral plug is mostly water and therefore produces a negative peak. Thus, 
microring sensors can be considered for a variety of classes of both small molecules and 
sugars, demonstrating the versatility of this universal detector. 
3.3 Spatially Multiplexed Response Using Microring Arrays 
Microring sensor arrays are composed of two rows of 64 individually addressable 
microring sensors which can be optically interrogated nearly simultaneously. In each row, 
sixteen clusters of four rings are spaced 200 µm apart from cluster center-to-cluster 
center. Peak shape and behavior are directly obtained from analyte zone migration across 
the sensor surface. As shown in Figure 2-4A for a separation of 1 mg/mL each of 
acetylcholine, caffeine and fluorescein at 260 V/cm, optimal peak shape occurs at the 
immediate interface of the capillary to microring sensor flow path with zone broadening 
upon migration from junction to the end of the sensor chip. Here, color-coding of blue 
represents the first cluster of four rings, while red represents the final cluster that analyte 
migrates past. Velocity of these analytes can be directly quantitated using a linear fit of 
the time at which the peak arrives at a cluster as a function of the known distance of 
microring clusters, plotted for a neutral analyte, caffeine, in Figure 2-4B. Error bars in this 
figure represent the standard deviation of the time point where the peak maximum point 
arrives at a ring cluster. This migration rate is related to the speed of EOF generated in 
the capillary upon entrance to flow cell. A linear fit of this data gives a velocity of about 93 
µm/s for the neutral molecule caffeine in our system and an apparent mobility of 
approximately 3.6 x 10-5 cm2V-1s-1, values consistent with similar borate buffer and small 
molecule systems.48 The velocities of other molecules vary as expected for a given 
charge state. 
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Characterization of separation efficiency demonstrates the analyte broadening and 
moderate degradation of peak shape fidelity that occurs exiting the capillary and into the 
flow cell, here in Figure 2-4C in terms of plate numbers. As each analyte migrates across 
the sensor surface, peak height decreases and breadth increases (Figure 2-10). The 
broadening of the peak for faster-moving acetylcholine is less than for slower-moving 
analyte fluorescein because it is less susceptible to band-broadening effects of 
longitudinal diffusion that accompany a longer separation time. The cross-sectional area 
of the flow cell is about 14 times larger than within the capillary and improvements to the 
capillary-microring chip interface should result in improved performance in the future. 
3.4 Separation of a Mixture of Proteins by Capillary Zone Electrophoresis 
To evaluate sensor compatibility with biological samples, a protein system was 
selected composed of proteins that, based generally on isoelectric point, would carry a 
negative net charge. Non-specific protein adsorption to the microring sensor chips was 
observed for proteins possessing strong positive charges (not shown), due to many of the 
same principles that facilitate protein bio-fouling in bare fused silica capillaries.49 To 
further minimize any electrostatic interactions for these experiments, sensor chips were 
functionalized with a polyethylene glycol (PEG)-rich molecule and then immersed in a 
serum protein-rich solution to saturate residual bare surfaces. Selection of an appropriate 
buffer system for separations and mitigating biofouling is also imperative, and this will be 
the subject of future investigations to further generalize this detection technology. 
To facilitate free-solution based separations of these proteins, capillary length was 
extended to 100 cm and the voltage increased up to 25 kV for routine analyses, an electric 
field strength of 250 V/cm. As shown in Figure 2-5A, we are sensitive to these protein 
samples with minimal non-specific adsorption observed. If present, this phenomenon 
would cause a large, irreversible shift in the baseline that obscures detection (Figure 2-
12). Here, a mixture of myoglobin, hemoglobin and β-lactoglobulin is shown with full 
analyte resolution. β-lactoglobulin is composed of two isoforms with a 0.1 difference in 
isoelectric point values. In this separation, we successfully separated these isoforms that 
have similar structures. Figure 2-5B exhibits good correlation in detector response with 
mass concentration injected. Our group has thoroughly characterized the impact of 
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macromolecular mass transfer to the microring sensor surface on separations, possibly 
explaining the decreased peak height of hemoglobin (MW ~ 64.5 kDa) relative to 
myoglobin (MW ~ 17.6 kDa).43,50 Additionally, peak width could be due to inhomogeneity 
of protein standards. Calibration curves are observed as nearly overlapping, in contrast 
with the molecules presented in Figure 2-3. This is likely due to small relative differences 
in the refractive indices of these proteins. Label-free biomolecular detection can be of 
great value due to difficulties arising from labeling procedures, and the biocompatibility of 
microring arrays with diverse analyte classes is promising feature for more complex 
systems. In conjunction with surface-based functionalization, we intend to leverage 
capillary electrophoresis with silicon photonic microring resonator platform to be a 
powerful sensor compatible with a wide variety of analytes, and sensitive detection 
through chemical functionalization and amplification. 
4. Conclusion 
In this work, we have demonstrated a means of integrating capillary 
electrophoresis with silicon photonic microring resonator arrays as capillary 
electrophoresis-compatible refractive index detector. Characterization of system 
performance with species that lack chromophores exemplifies the value of a detection 
system based on analyte refractive index, with compatibility in biomolecular analysis that 
has not been shown with this class of sensor. Furthermore, the sensitivity of microring 
resonators were shown in the detection of a mixture of three small molecules. Though 
minor obstacles in terms of flow cell optimization should be considered, our system 
presents a robust platform for coupling these efficient separations while overcoming many 
challenges in conventional refractive index detectors such as thermal sensitivity. The 
compatibility of this universal detection platform with a powerful separation mechanism 
provides an invaluable analytical tool. (Bio)chemical functionalization of these detectors 
will be evaluated in future work in conjunction with CE separations. Capture agents 
arrayed on microring sensors have been shown to increase analyte sensitivity and 
specificity through analyte retention within the evanescent field. Further system 
optimization to reduce differential flow cell volume should enable biological analyses with 




Figure 2-1. Assembly of flow cell. (A) Expanded view of flow cell assembly. Capillary is 
threaded through the 3D-printed flow cell lid so analyte will migrate out of capillary and 
directly through the flow cell. Analyses are performed using rings closest to capillary outlet 
to minimize band broadening effects. The microring sensor chip sits on an anodized 
aluminum chip holder. Flow is guided through a channel formed by a polyethylene 
terephthalate gasket over an array of microring sensors. (B) An electric field is applied 





Figure 2-2. Characterization of system performance using sorbitol. (A) With increased 
injection volume at high concentrations, a deviation in linearity of mass injected is 
observed. Sample = 30% sorbitol (w/w) in water, BGE = 20 mM borate, pH 8.2. Injection: 
1s, vary pressure. (B) Linear working ranges for pressure-aided injections for various 
injection lengths and pressures. Sample = 1% sorbitol (w/w) in water, BGE = 20 mM 
borate, pH 8.2. (C) Overlaid electropherograms of increasing concentrations of sorbitol, 
demonstrating detector response with no observed signal saturation. (D) Linear response 
range of sorbitol in water with concentrations ranging 0.1% - 50.0% (w/w), BGE = 20 mM 
borate, pH 8.2. Injections: 5 PSI,1s. Electrophoresis is performed at 6.5 kV on 30 cm 
capillary for (C) and (D). (E) Relevant portion of an electropherogram of three separated 
sugar molecules: mannose, lactose and fructose. The sample is a mixture of each at 1 
mg/mL in 30 mM borate buffer at pH 9.5. BGE = 40 mM borate, pH 9.5. Injections: 7 PSI, 





Figure 2-3. Separation of small molecules in free solution. (A) Relevant portion of 
electrophoretic separations of a three analyte mixture for various injection lengths at 
constant pressure. As volume of sample injected increases, the analytes become more 
poorly resolved and lose peak shape integrity. Sample: 1 mg/mL each acetylcholine (1), 
caffeine (2) and fluorescein (3) in water. BGE: 20 mM borate, pH = 8.2. Injection: 5 PSI, 
1s. (B) Linearity of detector response with varying slopes depending on analyte molecule 
as volume of analyte injected increases. Error bars for all data sets represent the standard 
deviation of three sample sets. (C) Microring response varies with increasing 
concentrations for molecules. As caffeine concentration increases, inversion of peak is 
observed. Injection: 5 PSI, 1.0s. BGE: 20 mM borate, pH 8.2. (D) Linear correlation is 
observed between analyte concentration and detector response. Sensitivity of mass 
injected is dependent on analyte, examined further in Figure 2-11. The data for caffeine 





Figure 2-4. Analyte migration across sensor arrays. (A) Relevant portion of 
simultaneously collected electropherograms of a three-analyte separation with cluster-
based coloration that indicates different regions along the flow channel. The blue 
electropherogram is located at the outlet of the capillary and red is half the length of the 
chip (about 1400 µm). The stacked traces reflect multiplex data collection of several 
clusters in real time. Each electropherogram between represents a cluster of rings 
centered in 200 µm increments from the first cluster. (B) Peak migration can be tracked 
across sensor chip surface. Migration speed of analyte plugs can be directly determined, 
shown here as the time points that the peak maximum for a neutral molecule plotted as 
a function of the precise distance for each cluster of four microring sensors. Error bars 
represent the standard deviation of the arrival time of a peak for three clusters of rings in 
order to account for the temporal resolution of raster scanning of instrument optics. (C) 
As analyte zones migrate across the microring sensor chip laterally, additional broadening 
occurs, which leads to reduced theoretical plates observed at distinct detection locations 
on the sensor array. The given distances are the approximate space of a cluster of four 





Figure 2-5. Detection of separated protein system. (A) Separation of the proteins 
myoglobin (1, mw ~ 17,000 g/mol, pI = 6.8), hemoglobin (2, mw ~ 64,500 g/mol, pI = 7.1), 
and β-lactoglobulin (3, mw ~ 18,400 g/mol, pI = 5.1) at 10 mg/mL each in 1 mM borate 
and a 100 mM borate BGE, both pH 8.2. Resolution of β-lactoglobulin isoforms A and B 
is observed, demonstrating high resolution capabilities of CE. Injection: 5 PSI, 2s. (B) 
Sensitivity of response to protein standards is similar for each with minor differences in 
slope. This is expected due to the similar refractive indices of these proteins, all composed 
of polypeptides. Varied above are concentrations from 1.0 mg/mL to 20 mg/mL under 













Figure 2-6. Interface of capillary and microring resonators arrays. (A) Capillary is 
threaded into the custom 3D-printed flow cell so that analyte exits directly on top of sensor 
chips. Capillary inlet is placed into a pressured vial containing buffer and sample 
solutions. Voltages are applied using platinum wire in buffer inlet and outlet vials, with 
ground placed at outlet to minimize noise in electropherograms. Entire assembly is 
screwed down onto an anodized aluminum cartridge holder. (B) Schematic representation 
of sensor chip. For any experiment, one channel of rings (64 analytical sensors and two 















Figure 2-7. Renderings of flow cell lid and gasket assembly. The flow cell is created by 
sandwiching the mylar gasket between the microring sensor chip and cartridge lid. This 
creates a robust flow cell with reproducible alignment. Stereolithography CAD files may 















Figure 2-8. Additional pressure characterization using sorbitol injections. (A) Injection 
volume may also be varied by manipulating duration of injection at a constant pressure. 
Sample = 30% sorbitol (w/w) in water, BGE = 20 mM borate, pH 8.2. Injection: 5 PSI, 
varied duration. (B) Overall detector response as pressure and injection duration are 
varied is shown for a sample of sorbitol flowed across microring chip. Sample = 1% 














Figure 2-9. Peak behavior as a function of applied voltages. On a 30 cm capillary, 
increasing applied voltage gives better peak shape characteristics. (A) With increased 
electric field strength, peak migration times of a consistent injection volume decreases. 
Additionally, fidelity of peak shape is increases as demonstrated by narrower peaks 

















Figure 2-10. Characterization of cross-chip changes in peak shape. (A) and (B) 
demonstrate that upon migration across the chip surface, analyte peak shape changes 
may be directly observed and quantitated, both as a function of the peak height and the 
full-width at half maximum height of analyte peaks (FWHM). The given distances are 
the approximate space of a particular cluster of four rings from capillary outlet and 















Figure 2-11. The microring resonators are fundamentally a highly sensitive detector of 
refractive index properties. They may therefore be used to detect differences in 
refractive index by flowing equal concentrations. Here, equal concentrations of each 
analyte from Figure 2-3 are analyzed, showing increasing relative shift that correlates 
with increased analyte sensitivity in Figure 2-3. Here, 1 mg/mL solutions of 
acetylcholine, caffeine, and fluorescein are flowed across a bare silicon microring 
sensor chip with water rinses in between to demonstrate that each molecule has a 
different refractive index which contributes to the observed slopes in Figure 2-3. This is 
informative in that as a universal detector, background electrolyte conditions must be 
considered to maximize contrast between background electrolyte and analyte refractive 














Figure 2-12. Microring resonator arrays as a post-column capillary electrophoresis 
detector are robust to applied electric fields. In (A), +20 kV is applied across a capillary 
length of 50 cm (E = 400 V/cm) for an hour. Data presented in this study is thermally-
controlled with fluoropolymer-coated rings, an important feature of the microring sensing 
platform. Fluctuations in thermal rings can be attributed to different environmental or 
local sources heat (i.e. ambient room temperature). Subtraction of thermal control rings, 
the blue trace in (A), from the active sensing rings that have had fluoropolymer cladding 
removed, the red trace in (A), give a resultant baseline that is observed in (B). This flat 
baseline demonstrates that electrophoresis is possible at higher electric fields than used 
in this present study with minimal consequences in obtaining a stable signal. While the 
flow cell is in line with the electric field, this is expected as the much narrower diameter 
of the capillary results in the bulk of the voltage drop to occur across the length of the 
capillary, expectedly subjecting the microrings to less substantial electric fields. In (C), 
an injection of 18.20 MΩ water is analyzed on a 50 cm capillary (Injection: 5 psi, 2s; 
BGE: 100 mM borate, pH 8.2; E = 200 V/cm). The resultant negative peaks are 
observed within this study are therefore related to mismatches in the refractive indices 




Figure 2-13. Non-specific adsorption to silicon photonic microring resonator chip. (A) 
Protein adsorption to microring sensor chips follows many of the same conventions as 
bio-fouling on a fused silica capillary surface, where silanol deprotonation at pH > 2 leads 
to negatively charged surface chemistry. This facilitates adsorption of many basic 
proteins. Functionalization with a polyethylene glycol-containing molecule mitigates 
protein adsorption in the above instances. Shown is a series of injections (approximate 
time of 10, 25, 60 minutes) of a mixture of proteins that causes large, permanent refractive 
index shifts as proteins bind to the microring surfaces. (B) This same mixture is injected 
once, but the chip has been functionalized first with (3-Aminopropyl)triethoxysilane and 
then followed by reaction with NHS-PEG4-biotin. The resultant electropherogram shows 
slight analyte resolution, which upon further saturation with serum protein-rich solution, 
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Abstract 
One of the unique features of whispering gallery mode sensing methods is the 
ability to monitor biomolecular interactions, making for an attractive technique for 
bioanalytical applications. Silicon photonic microring resonators are one type of such 
sensors that have been routinely applied to various biosensing studies. In these studies, 
the sensor chip is modified with immobilized, target-specific capture agents like nucleic 
acids or antibodies for the detection of various biomolecular targets. This provides 
quantitative information on target affinity and capture specificity with the potential to add 
another dimension of data if coupled to an upstream separation. The microring resonator 
platform has been applied to different liquid chromatography (LC) separations, including 
both isocratic and gradient separations, demonstrating great utility for linear mass 
concentration detection and detection of chemical signature lacking analytes. Coupling 
similar LC methods of mixtures to multiplexed microring resonator arrays is shown here 
to provide not only conventional separations data but also information on the affinity of 
various mixture components. While prior work has relied on sensing via surface plasmon 
resonance (SPR) optical sensing with great success, such techniques have been limited 
to single plexity surface functionalization. This study addresses limitations of previous 
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studies by hyphenating chemical separations with surface-based sensing, and further 
explores the versatility of the microring resonator platform for LC applications by utilizing 
multiplexed biosensing detection. 
1. Introduction 
Size-exclusion chromatography (SEC) is a steric chromatographic technique used 
to separate macromolecules based on size or, more specifically, hydrodynamic volume. 
This method has seen broad utility, be it in industrial polymer characterization1–5 or the 
analysis and purification of biologics such as antibodies.6–9 SEC column composition can 
depend on application, and include cross-linked dextran, cross-linked polymers, and 
porous silica particle packing. Consideration of column pore size relative to analyte size 
is important for obtaining optimal separations. In terms of method development, the most 
significant enhancements in separation efficiency is observed with increased column 
length.10,11 Standard commercial SEC detectors include UV-Visible (UV-Vis), differential 
refractive index (dRI), multi-angle light-scattering (MALS), evaporative light-scattering 
(ELSD), and charged aerosol detectors (CAD).12 
By contrast, efforts have been made to interface various modes of liquid 
chromatography with surface-sensitive detection schemes.13–24 One notable example 
pairs surface plasmon resonance (SPR) with SEC.13 Through the use of surface-tethered 
capture agents, eluate interaction with biochemical modifications adds an additional 
dimension of chemical information after separation. However, the study was limited to the 
single SPR surface that can be modified at a given time. Alternative surface detection 
schemes involve pairing liquid chromatography with electrochemical detectors25–32, 
plasmonic sensors, and other classes of optical sensors.33,34 
Silicon photonic microring resonators are whispering gallery mode sensors, a class 
of optical microcavity resonant sensors, which are most often used for the detection of 
molecular binding events or immunoassays. This is typically developed as a diagnostic 
tool, where quantitative insight into analyte concentration and the specificity of binding 
kinetics can be inferred from diagnostic biomarkers. In standard operation, samples in 
complex matrices are flowed across a multiplexed microring resonator chip that have 
been functionalized with tethered capture agents such as antibodies or nucleic acids. 
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Analytes with specificity for tethered capture agents are pulled down, resulting in 
Langmuir-type binding response.35–38 
In overview, the microring resonators are 30 µm diameter ring-shaped optical 
microcavities with adjacent linear waveguides. Light from an external tunable cavity diode 
laser centered at 1550 nm propagates along a waveguide, sequentially probing the 
microring. Optical transmission is monitored as a function of wavelength and dips in 
transmittance signal are observed at resonant wavelengths (𝜆𝑟), defined by the following 
equation:       
mλ = 2πrneff 
where r is the ring radius, neff is the effective refractive index, and m is a constant. 
Changes in neff, such as analyte elution or binding, result in a shift in resonant wavelength, 
λr, which is measured and referred as the relative shift in delta picometers (Δpm). These 
changes in λr correspond to changes in perturbations in the local refractive index (RI) and 
are monitored as a function of time.39 Here this technology will be hyphenated with SEC 
to provide binding data post-separation. 
 Previous work has used the microring resonator platform in a non-standard mode 
by hyphenating with upstream separations. Such studies have interfaced with capillary 
electrophoresis (CE)40 and both isocratic and gradient high performance liquid 
chromatography (HPLC).41–43 Much of this work was focused on demonstrating the 
competitive performance of the microring resonators as a detector when compared to 
commercial detectors such as UV-Vis, dRI, and ELSD. The microring resonator platform 
is unique since it offers both a linear mass response and universal detection for solvent 
gradient separations, which is not achievable with commercially available detectors. In all 
previous studies interfacing liquid phase separations with the microring resonators, only 
bulk RI detection was utilized. In other words, these studies utilized unmodified silicon 
sensor chips with no affinity measurements.  
In this study, we hyphenated SEC separations with microring resonator chips that 
have been functionalized with antibody capture agents. Antibody samples are separated 
via SEC prior to flowing across functionalized sensor chips, providing specificity and 
affinity data from the microring resonators post-separation. As mentioned, similar 
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approaches have been explored with SPR in-line with various separations. However, 
unlike the microring resonator platform, standard SPR flow cells lack the ability to readily 
multiplex in a single chip-integrated format, limiting assays to a single biomolecular 
interaction at one time.13,16,17,19–24,44,45 To our knowledge, this is the first time that multiple 




 Immunoglobulin G (IgG) and immunoglobulin A (IgA) capture antibodies were 
purchased from R&D Systems (Minneapolis, MN), both of which are recombinant 
monoclonal antibodies purified from human serum. The immunoglobulin M (IgM) capture, 
AffiniPure Goat Anti-Human IgM (Fc5μ fragment specificity), was purchased from 
Jackson Immuno Research Laboratories, Inc. (West Grove, PA). All antibody capture 
reagents are IgG isotype antibodies. Immunoglobulin proteins targets (IgG, IgA, and IgM) 
from human serum were purchased from Millipore Sigma (St. Louis, MO) and samples 
were prepared in phosphate buffered saline (PBS) at various concentrations (1-100 
μg/mL). PBS was reconstituted as directed from powder purchased from Millipore Sigma 
(St. Louis, MO) to obtain a 1X PBS solution at pH 7.4 for use as mobile phase, with the 
addition of 0.05% by weight sodium azide. All reagents were used without additional 
purification. 
2.2 Silicon Photonic Microring Resonator Arrays and Biochemical Functionalization 
The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA), detailed 
descriptions of sensor fabrication and instrument operation have been described 
elsewhere.39 Microring resonator sensor chips consist of an array of 128 functionalizable 
microring resonators organized on 4 x 6 mm silicon-on-insulator (SOI) wafer which has a 
silicon dioxide/SiO2 surface. The SiO2 surfaces are readily compatible with salinization-
based surface modification chemistries. Sensor chips are rinsed with acetone to remove 
a photoresist coating, followed by silanization in a 1% APTES solution and rinses in 
acetone and then isopropyl alcohol. Sensor chips are further rinsed with deionized water 
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and dried under nitrogen. Crosslinking reagent, consisting of 2 mM acetic acid and 5 mM 
bissulfosuccinimidyl (BS3) crosslinker, was then manually deposited onto the chip 
clusters comprised each of 4 individual microrings. This was followed by the manual 
spotting of immunoglobulin solutions of 0.25 mg/mL in PBS (pH 7.4) and 5% by volume 
of glycerol. Multiple clusters were spotted with each capture agent as technical replicates. 
Functionalization was concluded with incubation for 30 minutes followed by whole-chip 
coating with DryCoat assay stabilizer (Virusys) before being stored in a desiccator at 
4°C.35 Chips are rinsed with distilled water to remove assay stabilizer immediately prior 
to use. 
2.3 Size-Exclusion Chromatography Conditions 
SEC separations were performed on a Waters Alliance e2695 separation module 
(Milford, MA) furnished with a Waters 2489 UV-Vis Detector. The column used was an 
GE SuperdexTM 200 Increase 3.2/300 (Marlborough, MA), with dimensions of 3.2 mm × 
300 mm and a bed volume of 2.4 mL. The column was kept at ambient temperature and 
maintained a flow rate was 0.075 mL/min of 0.01 M PBS (pH 7.4) + 0.05% sodium azide. 
UV-Vis wavelength was 280 nm, and sample temperature was 5 °C. Immunoglobulin 
concentrations ranged from 1-100 μg/mL and the injected volumes ranged from 1-20 μL, 
depending on the experiment. 
2.4 SEC-Microring Resonator Interface 
The microring resonator assembly consists of an anodized aluminum cartridge 
holder, Mylar® (polyethylene terephthalate) gasket and Teflon® (polytetrafluoroethylene) 
flow cell lid. For each experiment, an unused chip is sandwiched between the holder and 
gasket. This whole assembly, which forms our flow cell, was interfaced to the HPLC via 
the following connections. The HPLC outlet was connected to a 0.25 mm flangeless 
1/4−28 and then to a ZDV 10−32 PEEK (polyetheretherketone) low pressure union. The 
PEEK union adapted the HPLC fittings to the microring resonator cartridge. The same 
interface HPLC-microring resonator interface has been discussed previously.41–43 The 
experimental set-up is presented in Figure 3-1. 
2.5 Data Analysis 
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Data processing was carried out using a custom script written in R (version 3.4.1). 
Two clusters of microring resonators (eight each microrings) are scanned per target 
functionalization per channel, i.e. for each functionalization, a total of 16 microrings are 
monitored and then response averaged post-run. The averaged signal intensity is plotted 
as a function of time. The response shown in this manuscript is the result of subtracting 
a control antibody response from the average response of each functionalization. This 
control antibody is selected to have no binding interactions, and as such controls for 
environmental conditions and bulk changes in RI unrelated to specific binding events. To 
obtain derivative data, averaged raw chromatograms undergo a first derivative 
transformation using OriginPro 2016 (OriginLab Corp.) followed by a Savitzky–Golay filter 
smoothing function with 10 points of smoothing. 
3. Results and Discussion 
3.1 SEC-Microring Resonator Binding Chromatograms 
 Conventional surface-based assays involve flowing dilute solution of the analyte, 
often on the order of 400 µL, and monitoring binding interactions. Dilute binding kinetics 
are often described by Langmuir adsorption kinetics and result in concentration-limited 
saturation as signal plateaus following kinetic equilibrium after sufficient analyte is 
analyzed. In our assay, analyte is eluted from the column under isocratic conditions. The 
eluent then passes to an in-line UV-Vis detector and then to the microring resonator flow 
cell. SEC separations of 10 µL injections of 10 µg/mL immunoglobulin solutions utilizing 
the SEC-microring resonator interface were performed, with example chromatograms 
shown in Figure 3-2. Here, a standard SEC chromatogram with UV-Vis detection is 
shown in Figure 3-2A. A larger IgG monomer peak is observed, with high molecular 
weight aggregate species eluting earlier and a solute peak eluting later. The binding 
chromatogram collected with microring resonator arrays are presented in Figure 3-2B, 
with both the raw binding sensorgram (solid line) and first derivative transformation of the 
associated binding event (dashed line). The unique peaks in the binding profiles observed 
here are likely a result of the presence of different antibody aggregates and resultant 
binding.  
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Analyte diffusional and kinetic properties must be considered as species size 
increases. An example of the differential binding response for a standard format microring 
resonator flow assay is shown in Figure 3-2C for the binding response of IgA to an 
antibody capture agent. This is contrasted with the more peak-like response of the 
experiment when interfaced with SEC for sample delivery, which has shown to be very 
reproducible (Figure 3-7). In the case of the flow assay, sample introduction and the 
resulting binding occurs for about 10 minutes and is followed by a rinse step of PBS buffer 
with no analyte to dissociate weak or non-binding interactions. As for the SEC experiment, 
analyte binding occurs as the eluate reaches the sensor surface, with maximal binding 
response associated with the peak maximum. The off-kinetics occur immediately as the 
eluent buffer behaves in a similar manner to the aforementioned rinse step. 
3.2 Microring Resonator Volume Response  
The response of microring resonator arrays to various LC injection parameters was 
investigated in order to further characterize the LC-microring interface. As demonstrated 
in Figure 3-3, with increasing injection volume (at a given concentration) there is an 
increased microring resonator binding response. In Figure 3-3A, standard UV-Vis 
chromatograms are presented showing response to increased injection of an IgG protein 
at 10 µg/mL. Peak sizes increase correspondingly, and the aggregate peak appears with 
sufficient volume injected. Microring resonator binding data is then shown in Figure 3-
3B, demonstrating increased net binding response with increasing injection volume. The 
derivative of this data can be plotted, as shown in Figure 3-3C, strongly mirroring the UV-
Vis data presented in Figure 3-3A. In this manner, the chromatography data of the 
microring resonators implies highly specific binding interactions with precise chemical 
information related to the affinity of the biomolecular capture agent. Only the particular 
analyte of interest is detected in this method, eliminating confounding spectroscopic 
information that might be observed in a UV-Vis chromatogram. We observe an increase 
in the noise in the first derivative data, primarily because with this transformation the scale 
of our y-axis changes. However, this noise in the microring resonator data is a result of 
the platform not optimized to control for environmental and thermal events in the same 
manner as a commercial analytical detector.  
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 The microring resonator response was then demonstrated as a function of varied 
analyte concentration. Figure 3-4 shows the sensor response for three different antibody 
targets: IgG, IgA, and IgM. These proteins vary primarily on size and structure, where IgG 
is most commonly in a structural monomer form, IgA occurs in a dimeric structure with a 
chemical “bridge,” and IgM occurs in a multimeric structure of five to six units with multiple 
chemical bridges. Approximate molecular weights for each species are 150kDa (IgG), 
320 kDa (IgA), and 900 kDa (IgM). These structures possess structural similarities as 
proteins of the same class, although antibody capture reagents provide robust binding 
specificity. Absence of cross-reactivity was validated in a standard format flow experiment 
shown in Figure 3-8. 
 In these experiments, distinct clusters of microring resonators are functionalized 
with antibody capture reagents with specificity for IgG, IgA, and IgM, respectively. Figure 
3-4A shows the unique binding response for each protein to the appropriate antibody 
capture agent. The response of each capture was then determined as a function of varied 
concentration, Figure 3-4B demonstrates this response using IgG. Limits of detection 
(LOD) were calculated for each detector and analyte as the average blank signal + 3 
times the standard deviation of the blank signal. For IgG, IgA and IgM, respectively, the 
LOD using UV-Vis detection are 9.9 ± 0.1 µg/mL, 10.9 ± 0.1 µg/mL, and 6.49 ± 0.04 
µg/mL. Using the microring resonator arrays, the LOD were calculated for IgG, IgA, and 
IgM to be 4.4 ± 0.2 µg/mL, 8.7 ± 0.3 µg/mL, and 1.7 ± 0.6 µg/mL. These values are over 
100x smaller than using bulk RI detection for other large species41 and demonstrate the 
value of employing capture agents for biomolecular detection (as a reference bulk RI 
detection of IgG, IgA, and IgM are shown in Figure 3-9). In this way, the microring 
resonator detection limits for proteins are decreased by nearly three orders of magnitude 
from standard bulk RI detection of the microring resonator arrays. Furthermore, chemical 
specificity is achieved using biomolecular capture agents.  
Calibration curves were constructed for each binding interaction, with each 
calibration curve indicating varied sensitivity in the capture analyte binding interaction. In 
this data, net shift refers to the difference of the relative shift (in pm) prior to and after 
binding. There is a notable difference in the calibration curve for the protein IgM in UV-
Vis (Figure 3-10) and microring detection (Figure 3-4C). This observation was consistent 
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across two HPLC systems and columns and showing a nonlinear response that is best fit 
with a third-order polynomial function. It is believed that this nonlinear calibration 
response is an effect of differential optical properties at high concentrations for this high 
molecular weight species, given the large size of IgM proteins. 
Differences in binding profiles are potentially noted with IgA and IgM for several 
reasons. Analyte capture is integral to the function of the capture agent, and so binding 
efficiency can differ simply based on the biomolecular agent. Another well-characterized 
phenomenon within our group is the dependence on molecular weight in LC-based 
detection, where higher molecular weight species often suffer from lower sensitivity due 
to exclusion from the most sensitive portion of the evanescent field and diffusional 
limitations of high molecular weight species. In the case of synthetic polymers, sensitivity 
decay was observed by Mordan et al. for species whose dimensions infringed on the size 
of the evanescent field, this was observed with radii of gyration exceeding approximately 
12 nm which tracked with molecular weights exceeding 120 kDa.42,46 In the case of this 
current system, both IgA and IgM would fall into this category which is expected to impact 
sensitivity. In this same manner, it is likely that these sensing limitations and differences 
in diffusional properties explain the non-linear response to concentration observed for 
IgM.  
3.3 Analysis of Antibody Mixtures 
 SEC separates analytes based upon size through diffusion or exclusion from pores 
within column packing material. Incomplete analyte resolution can result in challenges 
quantitating sample constituents, and so modes of increasing peak resolution may be 
necessary. As demonstrated earlier, specificity of microring resonators functionalized with 
capture agents could aid in deconvoluting a poorly resolved sample. Figure 3-5A shows 
an example of a mixture of IgG, IgA, and IgM analyzed using SEC with UV-Vis detection. 
In this analysis, IgG and IgA are poorly resolved with substantially overlapping portions. 
Each component is run individually and subsequently overlaid in Figure 3-5B, further 
emphasizing this lack of resolution. Additionally, without additional chemical information 
it is not possible to deconvolute the presence of aggregate IgG and the dimer IgA from 
UV-Vis data. Shown in Figure 3-5C is the mixture binding data, showing sequential 
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binding response for each eluate based on elution time. Relying on the specificity of the 
antibody capture agents, the binding yields a quantitative response to analyte presence. 
The derivative of this binding response is then plotted in Figure 3-5D, a chromatogram 
that is specific for each analyte present and enables measurements similar to the overlaid 
individual analyte components in Figure 3-5B. However, the nature of data collection 
using microrings allows for this data to be collected in a single chromatographic analysis. 
We then proceeded to analyze a mixture IgG, IgA, and IgM of unknown 
concentrations. Binding data was collected, and the concentrations of each sample were 
calculated using the relevant calibration data. These data were then compared to both 
the concentration obtained from calibration of UV-Vis data and the true concentration of 
the mixture. For calculation of unknown analyte concentration using UV-Vis detection, 
calibration was performed using peak height to account for the impact of unresolved 
peaks. The results of this analysis are shown in Figure 3-6. We see good agreement 
between both detection methods, in addition to values that are accurate to the true analyte 
concentrations. This indicates that this platform could be used for complementary 
quantitative data to other detector formats. From this we conclude that the binding 
chromatograms collected using microring resonator arrays can provide another 
dimension of specific and quantitative chromatographic information.  
4. Conclusion 
In this work, we presented a strategy for hyphenating SEC with functionalized 
microring resonator array sensor chips to perform in-line immunoassay-style analysis. We 
demonstrated how to leverage specific antibody-antigen interactions to mitigate analyte 
cross-reactivity, representing an important step for more complex analyses. Analyte 
binding provides a means to obtain highly specific information with improved detection 
limits and sensitivity from previously demonstrated bulk RI measurements made with this 
platform. This straightforward approach enables the user to obtain an additional 
dimension of chemical information from a conventional analytical separation, with facile 
integration to other detection platforms.  
While we have shown a method for optimizing chemical separations with 
multiplexed surface modifications, we anticipate the opportunity to leverage this work with 
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other forms of analytical separations. This, in conjunction with other novel chemical 
modifications of microring resonator arrays, presents an opportunity to collect multiplexed 
chemical information about separated analytes in a manner not previously demonstrated. 
Leveraging functionalized microring resonator arrays in conjunction with conventional 
HPLC detectors provides the opportunity to obtain additional chemical information in a 














Figure 3-1.  Hyphenation of Size-Exclusion Chromatography with Antibody Capture Array 




Figure 3-2. Binding of IgG to Antibody Capture Agents. (A) UV-Vis chromatogram of 
IgG. (B) Raw binding chromatogram (solid line) and associated derivative (dashed line), 
demonstrating unique binding events as peaks. (C) Binding response varies depending 
on mode of sample introduction, here demonstrating the difference between an HPLC-
based analysis and standard flow analysis. SEC: 10 µL of 100 µg/mL IgA in PBS. Flow 





Figure 3-3. Microring Response with Increasing Injection Volume. (A) In-line UV-vis 
chromatograms (SEC separation performed at 0.075 mL/min flow rate of 0.01M 
phosphate buffered saline) demonstrates analogous data. (B) Raw SEC chromatograms 
of 10 µg/mL IgG injected at varied volumes (1-20 µL). (C) First derivative transformation 





Figure 3-4. Specific Binding Response is Concentration Dependent. (A) Individual 
binding chromatograms for each protein to respective antibody capture agent (10 µL of 
100 µg/mL). (B) Raw binding chromatograms of increasing concentration of IgG in PBS 
at 10 µL injection volume. (C) Calibration data of binding net shift for each protein. Net 
shift is calculated as the change in the relative shift before and after each binding event. 
Response for IgG and IgA is linear, and a linear fit is used for quantitative purposes. A 






Figure 3-5. SEC-Microring Resonator Binding Chromatograms. (A) UV-Vis detection 
of a mixture of IgG, IgA, and IgM demonstrating lack of full analyte resolution. (B) UV-Vis 
detection of each component in (A), overlaid. (C) Binding response of mixture (A) gives 
unique profile mirroring sequential analyte elution. (D) Derivative of (C), demonstrating 
the specific response of each capture reagent and individually addressable nature of 
microring resonator arrays. Data is collected in one chromatography run, but the nature 




Figure 3-6. Analysis of a Mixture of Antibodies with Unknown Concentrations. Box 
plot comparison of actual concentrations and determined concentrations by UV-vis and 





Figure 3-7. SEC-Microring Resonator Binding Chromatogram Reproducibility from 
Chip to Chip. Raw binding chromatograms obtained from three different chips with error 





Figure 3-8. Test of Cross-reactivity of antibody capture agents. Flow-based analysis 
of each antibody binding to respective antibody-based capture reagent. See no markable 





Figure 3-9. Bulk RI Response from the Microring Resonators and Detection by RI. 
(A) Raw SEC chromatograms of 10 µL injections of 0.25 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline). (B) 
Raw SEC chromatograms of 10 µL injections of 1.0 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline). (C) 
Differential refractive index chromatogram of 10 µL injections of 0.25 mg/mL 
immunoglobulin solutions (separation performed at 0.1 mL/min flow rate of 0.01M 





Figure 3-10. Correlating Absorbance Data. UV-Vis calibration of data associated with 
Figure 3-5, demonstrating similar cubic relationship to that observed in microring 
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Abstract 
With the goal of a facile approach to interfacing voltage-driven separations with the 
microring resonator platform, we developed a 3D-printed device that interfaces easily with 
the microring resonator instrument platform. Devices were printed from a wide variety of 
polymer resins, including cyanate esters and various acrylate polymer blends via several 
different commercial printing strategies such as fused modeling deposition (FDM) and 
continuous liquid interface production (CLIP). Channel dimensions greatly limit the 
applicability of these devices for microchip electrophoresis separations. We 
demonstrated reproducible electrophoresis of single-stranded DNA and multiplexed 
detection of various ssDNA targets, but separations were not achieved with this format. 
This modality enabled analysis of small injection volumes not yet analyzed with microring 
resonators. Advances in 3D-printing technologies are expected to improve these results. 
1. Introduction 
 Conventional formats of electrophoresis most commonly include capillaries and 
microfabricated chips. Microchip devices provide a host of benefits in addressing 
analytical challenges, including facile integration with conventional optical systems and 
reduction in sample input. The appealing nature of this miniaturized format lends itself to 
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a variety of well-developed commercial ventures (e.g. the Bioanalyzer) and a large 
breadth of assay formats. While impressive, microfabrication methods such as 
photolithography in glass or soft lithography in elastomers can be time-consuming and 
laborious, with development taking up to several days for a single device. In recent years, 
additive manufacturing, more commonly known as three-dimensional printing (3D-
printing), has developed from a hypothetical technology to a fabrication process that can 
be found regularly within many laboratory settings. More importantly, applications of 3D-
printing have become more common as technical specifications of printers have 
advanced to meet the requirements of scientific endeavors, as detailed in a series of 
recent reviews.1–4  
In terms of analytical chemistry applications, techniques have been developed to 
enable fabrication of analytical devices. New approaches with specialty 3D-printers can 
print channels that are tens of microns wide, and microchannels can be cleared with 
simple solvent-based approaches.5–8 While these novel techniques are promising for the 
future of 3D-printing, they are frequently limited to academic settings while commercial 
analogues are developed. It is in this context that we developed a 3D-printed device for 
the purpose of interfacing electrically-driven sampling with microring resonator array 
sensor chips. 
 Silicon photonic microring resonator arrays are a well-characterized medium for 
multiplexed biomolecular analysis. Microring resonators are a class of high-Q optical 
sensor that has been deployed extensively for the analysis of nucleic acid and protein 
biomarkers using surface-bound capture agents.9–11 In many of our group’s previous 
works, analysis has been done with little regards to sample size or volume, often relying 
on cell culture or larger biopsies.12,13 As diagnostics moves towards smaller biopsy sizes 
in the form of fine-needle aspiration and pin-prick blood samples, the search for many 
already low-abundance species necessitates more sensitive approaches to sample 
analysis.14 
 To that end, we have developed a 3D-printed platform for integration of 
electrophoresis with microring resonator arrays. The microring resonator platform 
typically relies on pressure-driven flow to transport analyte to the surface of our sensor. 
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This has proven to be a reliable technique but is limited by a small fraction of sample 
reaching the sensor surface.15,16 Electrophoresis has been demonstrated as a powerful 
technique for preconcentrating samples, where million-fold enhancement of sample 
concentration has been reported.17 Though electrophoretic transport has been 
successfully coupled to surface sensitive techniques, these integrations are often limited 
to single antigen detection.18–20  
We demonstrate a novel 3D-printed microfluidic device for integration of 
electrophoresis with microring resonator arrays for multiplexed detection of biomolecules. 
This device facilitates the electrophoretic transport of nucleic acid oligomers and 
subsequent detection using microring resonators. We demonstrate early multiplexed 
capabilities, secondary binding, and sample stacking with the promise of a device capable 
of direct, sample-limited analysis. For the purposes of simple integration of 
electrophoresis to the microring resonator platform, we opted to use three-dimensional 
(3D-) printing to take advantage of the ability to rapidly prototype device designs. A quickly 
expanding fabrication process, 3D-printing is emerging as an invaluable in developing 
new tools while minimizing lead time necessary for other fabrication methods.21,21–23 It 
has been demonstrated as a biocompatible system for a variety of microfluidic 
applications, in addition to facilitating electrophoretic techniques like micro free-flow 
electrophoresis.22,24 The method is also becoming an increasingly affordable technology 
as 3D-printing is more widely deployed. 
2. Experimental 
2.1 Materials 
Nucleic acids sequences (capture probes and complements) are from Integrated 
DNA Technologies (IDT; Coralville, IA). 3-aminopropyltriethoxysilane (APTES), 
bis(sulfosuccinimidyl)suberate (BS3) and UltraPure Tris-Borate-EDTA buffer, 10X were 
purchased from ThermoFisher. Flow-based hybridization experiments were performed in 
1X phosphate buffered saline (PBS). 
2.2 Device Fabrication and Design 
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3D-printed microchips were designed using AutoCAD Inventor software as a .STL 
file. Devices were printed by the University of Michigan Fabrication Studio using a ProJet 
3500 HDMax printer. The resin is a rigid Vero acrylate-based blend of proprietary resins. 
Devices were sanded as described in Chapter 2. A 0.007” polyethylene terephthalate 
gasket (Mylar) was sandwiched between the sensor chip and the 3D-printed device. The 
device channels geometries are 0.6 mm x 0.6 mm h x w, and the total length of the 
channel is 8 cm. The total channel volume is 20 μL in volume, and the flow cell volume 
over the sensor surface is approximately 4 µL. Three screw ports fix the device to the 
chip holder, which aligns the chip with the optical head of the instrument.  
The device was printed using a blend of diacrylate-based oligomers. This resin 
was selected for its biocompatibility and the ability to print with the highest resolution 
available in our printing facilities. Other resins have been tested, including acrylonitrile-
butadiene-styrene (ABS) and a glassy cyanate ester resin (Sculpteo; San Francisco, CA). 
This leverages the additive manufacturing process of stereolithography in which material 
is dispensed by a nozzle, device resin is photopolymerized using UV exposure and a 
support resin is injected to retain any hanging or hollow structures.23 The support structure 
is removed with concentrated sodium hydroxide solution in an ultrasonicating bath. The 
3D-printed device remains, with embedded channels and accurate alignment features. 
Optimal fabrication requires high feature fidelity in the 3D-printing process, dictated by a 
variety of factors that are dependent on which printing method is utilized.  
2.3 Silicon Photonic Microring Resonator Arrays 
Microring resonator arrays have been detailed well in Chapter 1 of this document. 
Briefly, sensor chips and instrumentation were purchased from Genalyte, Inc. (San Diego, 
CA). Microring resonator sensor chips consist of 128 active sensors arranged in clusters 
of four and arrayed as two parallel channels of 16 clusters each. A single channel of 
microrings is used for all experiments presented (i.e. 8 clusters, 64 rings).  
2.4 Modification of Microring Resonator Arrays with Nucleic Acid Capture Reagents 
The protocol for functionalizing microrings with single-stranded DNA (ssDNA) has 
been described extensively before.25 In short, sensor chips are rinsed with acetone. Chips 
are then modified with a 5% APTES solution in acetone, followed by rinses in acetone 
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followed by isopropyl alcohol. The chips are dried well, and then modified with a 2.85 
mg/mL solution of bissulfosuccinimidyl suberate in 2 mM acetic acid. After incubation for 
3 minutes, the chips are spotted with 200 µM ssDNA (with 5’ amino modification) in pH 
7.4 phosphate buffered saline. Chips are rinsed after 30 minutes with DI water and stored 
in a desiccator for future use.  
2.5 Electrophoresis Conditions 
A HVS448 High Voltage Sequencer (LabSmith, Inc.) was used to apply voltages 
for electrophoresis experiments. Platinum wire was purchased from Alfa Aesar. Devices 
were filled with buffer by applying a vacuum to one end of the device to pull electrolyte 
through and eliminate bubbles within the channel (as occurs with positive pressure filling). 
Voltage is applied before and after the sensor chip at buffer reservoir sites. 
2.6 Data Analysis 
Microring traces were averaged with a custom script in R. Electropherograms and 
net shift data were plotted in R. Data were controlled for thermal and other environmental 
fluctuations by subtracting the trace of thermal control microrings. A single channel of 64 
microrings is used for all experiments. 
3. Results and Discussion 
3.1 Device Optimization and Performance 
The Genalyte M1 system features an integrated optical head and stage, which 
restrict our ability to deviate from the existing design setup. We therefore took inspiration 
from device features which allow for facile optical alignment with sensor grating couplers, 
as indicated in Figure 4-1. The device features a straight electrophoretic channel, with 
ports for buffer injection that double for electrode placement. This channel bends 
downwards to the microring chip sensor surface, where flow is directed across the surface 
of the rings by a mylar gasket for continuous fluidics. Once the sample passes over the 
surface of the sensor, it is then directed from the chip surface to the right portion of the 
channel. A schematic of assay design is shown in Figure 4-2.  
In additive manufacturing, the ability to produce a smooth channel greatly depends 
on the viscosity of the resins.5 Lower viscosity support resins have been shown to enable 
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smaller channel dimensions, though the process also relies on precise extrusion of resin 
from a small diameter nozzle. A narrower orifice allows for more precise resin deposition, 
which allows for neater printed interfaces. These limitations begin to explain the 
coarseness that is observed in our 3D-printed device. While channel dimensions are 
intended to be square channels of 600 µm x 600 µm, we determined that the channels 
reach even 400 µm in width at points. The diacrylate resin is made up of a proprietary 
blend of oligomers, and there are no strongly-charged groups based upon the component 
mixture. The device demonstrates no significant indicator of electroosmotic flow (EOF), 
as would be expected under these conditions. For preconcentration methods such as 
isotachophoresis, this can be beneficial due to minor turbidity induced in stacking by 
EOF.17  
For applications where channel geometries have tolerance for fabrication 
irregularities, 3D-printing in this format can be an acceptable strategy. We find that 
despite the coarseness of the channels and these varied dimensions, we still observe 
consistent electrophoretic transport and conductivity metrics. As in Figure 4-3, we see 
reproducible current decay properties under an applied electric field. It will also be shown 
that, despite the limitations imposed by current commercial 3D-printing technology, they 
do not inhibit the successful detection of biomolecules. Bulk molecular detection has been 
demonstrated as in Figure 4-4 for the detection of the molecule fluorescein and a single-
stranded DNA species. Thus, the microring resonators are capable of bulk RI 
measurements under applied electric fields with this 3D-printed device.  
With these factors in mind, though, it is likely to be necessary to pursue other 
fabrication methods for integration of electrophoresis. While commercial 3D-printing is 
currently limited to lateral feature resolution of hundreds of microns, new technologies are 
quickly emerging that can generate even finer details with greater fidelity. Technologies 
such as continuous liquid interface printing (CLIP) promise higher resolution capabilities 
in a large variety of different substrates.23 Additionally, recent advances in 3D-printing 
have demonstrated capabilities of printing devices with dimensions with resolution of tens 
of microns with custom setups and newly developed resins.5,6,26 With these and other 
promising futures, it is likely that even higher quality micro-electrophoresis with 3D printed 
devices is not far away.  
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3.2 Nucleic Acid Hybridization Under Applied Electric Fields 
In our lab, biomolecular capture is performed using antibody and nucleic acid 
capture reagents. These have been shown both by our lab and others to be a robust 
means by which quantitative biomolecular information can be obtained from samples of 
different complex matrices.11,27–29 Single-stranded DNA oligomers were employed for the 
purposes of demonstrating integration of electrokinetic transport. DNA hybridization to 
surface-bound sensors under applied electric fields has been demonstrated previously, 
though often with limited plexity.19,30 As the oligomer hybridizes to a surface-bound 
complimentary capture strand, we observe a shift in the resonant wavelength (Δpm) of 
light that couples into the microrings. DNA migration under an applied voltage is primarily 
enabled through the numerous negatively charged phosphate groups.  
 For proof-of-concept experiments, we functionalize the surface with ssDNA nucleic 
acid capture probes. Capture probe sequences are designed for optimal hybridization of 
the two sequences, with a high Tm and a minimal secondary structure. Conversely, an 
off-target sequence is designed to have minimal hybridization interactions with the target 
sequence while avoiding any secondary structure. In this way, hybridization events are 
controlled strictly by sequence complementarity.  
For this device, large channel dimensions generate higher current than 
conventional microchip electrophoresis. To avoid broadening effects from Joule heating, 
buffer composition was carefully investigated. For these experiments, 0.5X 
tris/borate/EDTA (TBE) buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA) was selected 
due to its modest current generation, strong buffering capacity, stable current profile, and 
sufficiently high ionic strength for efficient DNA hybridization. Initial hybridization 
experiments are performed by manual pipette injection of sample into the sample inlet. 
Nucleic acid targets are suspended in ultrapure water and injected under a +100V bias. 
Sample then migrates through the device to the sensor surface where it binds in a 
Langmuir-like mode that resembles pressure-driven flow, shown in Figure 4-5. Here it is 
compared to an example of the same analyte and capture analysis, but under flow 
conditions. In these experiments, small volumes (0.5 μL) are injected onto the device, 
much reduced from the conventional assay format. We further demonstrated the 
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dependence of concentration on the resulting net shift, here in Figure 4-6. The 
concentrations used for these initial experiments are high (up to 100 µM) and show little 
improvement over the conventional format when total mass analyzed is considered.  
Beyond single target analysis, we have demonstrated the capacity to analyze 
multiple target binding events. As shown in Figure 4-7, multiplexing allows us to monitor 
the binding of two target sequences of ssDNA in real time, each individually showing no 
hybridization with the off-target sequence. This is a promising first step in higher plexity 
detection schemes. We have further demonstrated that, after initial binding of a target 
sequence, a secondary biotinylated sequence can be transported electrokinetically to 
bind, suggesting future avenues for signal amplification strategies. Additionally, following 
binding of individual strands of ssDNA, secondary tracer strands that are functionalized 
with a biotin molecule bind in a similar manner, here in Figure 4-8. This builds on previous 
literature from our group and demonstrates the ability to add further specificity to certain 
sequence homologues, but also the ability to perform bead-based enhancement or 
enzymatic amplification reactions.  
To improve transport of analyte to the surface of the microring sensors, and thus 
increase our sensitivity to smaller concentrations, sample stacking was investigated as a 
means for sample preconcentration. A variety of strategies were investigated, the most 
promising thus far involving field-amplified sample stacking. Sample in low conductivity 
solution (18.2 MΩ H2O) is injected in the left electrode reservoir, and an injection of 10X 
TBE buffer is injected in the sample reservoir. Under an applied electric field, the ssDNA 
sample migrates and stacks at the interface of the two discontinuous conductivity regions. 
This causes a much steeper binding profile that is indicative of a less diffuse analyte plug, 
Figure 4-9. Further work with preconcentration should enable even greater sensitivity to 
be achieved with even smaller masses injected. Isotachophoresis has been extensively 
characterized as a robust technique for sample preconcentration with the potential of 
improving limits of detection a millionfold for nucleic acid hybridization to surface-
functionalized sensors.17  
Finally, hybridization under electrophoretic transport was tested in complex sample 
matrices, Figure 4-10. Samples were diluted in various concentrations of human serum 
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and analyzed hybridization was tested. Signal suppression occurs at higher constitution 
of this complex matrix, and so further dilution of the sample is recommended (if tolerable). 
This marks a promising aspect of microring resonator arrays, as compatibility with 
complex matrices is often challenging for analytical sensors. 
4. Conclusion 
Herein we developed a method for 3D-printing a microchip-style device to integrate 
electrophoresis with microring resonators. A straight-channel device with simple injection 
and analysis parameters are described. Electrical properties of the device are 
characterized and used as an orthogonal means of confirming analyte detection. Finally, 
a variety of assays show the compatibility of microring resonators with voltage-driven 
analyte migration. Multiplexed immunocapture is demonstrated using nucleic acids, and 
compatibility with complex matrices shows a promising direction for this field. However, 
this work was greatly limited by available 3D-printing techniques and therefore may be 
re-addressed at the present time, or near-future, due to advances in 3D-printing 
resolution. Electrophoretic separations were not demonstrated due to limitations in 
applied voltages. Furthermore, large sample volumes were analyzed in this work and do 
not improve upon available techniques. It is therefore imperative that this work be 
continued by reducing the scale of this microchip-type device. 
Integration of microchip electrophoresis can also be achieved using conventional 
microfabrication techniques. Thermoplastic, polydimethylsiloxane (PDMS) and glass 
microchip electrophoresis devices have been extensively characterized and optimized for 
electrophoretic separations.31,32 Extending these technologies to our sensing platform will 
be a powerful means to facilitate electrophoretic manipulation with greatly reduced 
sample input.33 By further reducing device dimensions and minimizing sample turbulence 
through less rigid channel geometries, we should be able to achieve even more efficient 
sample preconcentration. In collaboration with Prof. Dana Spence at Michigan State 
University, an integrated microchip and gasket device was developed, shown in Figure 
4-11. The mylar gasket was replaced with a proprietary elastomeric resin that was printed 
and bonded directly to the cartridge lid. Using this technology, one may generate devices 
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an integrated flow cell that does not require extraneous components. Additionally, 3D-







Figure 4-1. (A) Schematic representation of microfluidic device with inherited platform 
features denoted. (B) Three-dimensional rendering of microfluidic device. Buffer ports 
serve as means of filling the device and electrode locations. (C) Example of experimental 
setup with electrodes integrated within the optical system. This demonstrates the option 
to reduce the system’s footprint by eliminating XYZ-stage and fluidic controls. (D) 
Photograph of 3D-printed channel that shows the coarseness of a commercially 3D-






Figure 4-2. Schematic of functionalized microring and binding assays. The device forms 
a continuous flow cell through use of a gasket that is sandwiched between the microring 
sensor chip and the 3D-printed device. Therefore, as a voltage is applied across the whole 





Figure 4-3. (A) Current decays reproducibly when constant +100V is applied to a pure 
buffer system. (B) Injection of ssDNA shows a peak in increased conductivity as it reaches 
sensor surface due to constriction at sensing region. (C) Example of change in current 






Figure 4-4. Bulk refractive index detection of (A) 0.5 μL of 200 μM ssDNA and (B) 0.5 μL 





Figure 4-5. (A) Binding profile of ssDNA in flow conditions, where 100 nM of ssDNA is 
flowed over the chip surface at 30 µL/min. (B) Binding of ssDNA (1 μM) under applied 





Figure 4-6. (A) Example of increasing amounts of ssDNA binding to capture. (B) Primary 






Figure 4-7. (A) Validation of the specificity of each analyte ssDNA molecule and 
complimentary capture strand, demonstrating the absence of cross-reactivity in ssDNA 
pairs. Shown are binding profiles that are corrected to off-target control strands. (B) 





Figure 4-8. (A) Off-target corrected binding of ssDNA to capture ssDNA compliment. (B) 
Off-target binding of secondary strand of ssDNA which binds to residual nucleotides 
present from first analyte strand. This tracer strand is modified with a biotin molecule 





Figure 4-9. Sample stacking shows steeper binding and higher signal than 
electrophoretic transport with no stacking. Here, an injection of water is made before the 
analyte injection in order to create a conductivity interface for sample stacking to occur. 




Figure 4-10. Signal suppression occurs with increasing percentage of serum in sample. 
Electrophoresis of sample and subsequent binding is observed at even high percentages 





Figure 4-11. (A) Rendering and (B) photograph of a 3D-printed cartridge with an 
embedded gasket. These devices were printed by Dr. Cody Pinger at Michigan State 
University in two different, proprietary resins. The gasket material has elastomeric 
qualities making it highly amenable to more complicated designs. (C) Zoomed photograph 
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Abstract 
A multilayer polydimethylsiloxane (PDMS) device was developed to integrate 
electrophoresis with a microring resonator sensor chip. A traditional t-channel device was 
fabricated with a middle gasket layer for facile integration of multiple components. A 
multilayer fabrication strategy was developed for this microchip device that was then 
bonded permanently to the sensor chip. While electrophoresis was demonstrated using 
fluorescence-based detection, two problems arose with the microring interface. First, in 
order to obtain a fluidic seal, a fluoropolymer cladding on the microring chips was 
removed. Upon removal of this layer and bonding to the PDMS microchip, optical 
interrogation of the microring resonator chips was interrupted, likely due to changes in 
light propagation and scattering losses along the optical waveguides. Initial steps were 
also taken to develop a thermoplastic microchip device with promising attributes. These 
approaches form the basis of refractive index detection for microscale separations that 
circumvent refractive index measurement challenges.  
1. Introduction 
Electrophoresis is a method by which molecules can be separated by an applied 
electric field. The archetypal method for these separations is to use a fused silica capillary, 
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also the approach leveraged in commercial electrophoresis systems. However, work that 
was first demonstrated by H. Michael Widmer and coworkers showed the potential utility 
of a microfabricated, chip-based device for microscale analytical separations.1 This early 
work with microchip electrophoresis (MCE) was further expounded upon to demonstrate 
the potential for high resolution separations with large plate numbers (>40,000 plates).2–
4 In this way, the field of microchip electrophoresis has seen wide utility in microformats 
not limited to western blotting and nucleic acid sequencing.5–7 
Microchip devices are generally fabricated using standardized photolithography 
techniques that allow for high quality channels with micron-scale dimensions. Substrates 
for microchip fabrication can include silicon, glass or elastomeric materials.8 There are a 
variety of reasons for a particular substrate choice, particularly the ease and rate of device 
fabrication. By reducing device dimensions, several key aspects can be leveraged. The 
microscale format can enable very rapid separations at lower voltages whereby the same 
electric field strength can be achieved as separation channel lengths are reduced 
substantially from capillary electrophoresis methods. The physical ratio of the device 
surface area to volume is notably higher in microchip formats, lending to lower Joule 
heating effects. Also important is nominal requisite sample volumes on the nanoliter 
scale.9   
Optical detection in these formats initially relied heavily on fluorescence as a 
means of compensating for low signal from small sample volumes (pico- to nanoliter 
volumes) and pathlengths (tens of microns). In this manner, concentrations at the 
femtomolar level have been detected.10 And while many detection mechanisms have 
been integrated over the years, those finding broadest utility rely on an optical chemical 
signature. Early work integrating RI-based detection for microchip formats demonstrated 
limitations of such detection with electrophoresis, namely small pathlengths and 
sensitivity to thermal fluctuations.11 Yet, a variety of microchip formats relying on RI 
detection mechanisms have been developed over the years including optical techniques 
such as interferometry, surface plasmon resonance, and other optical techniques.12  
In this manner, we sought to develop a microchip format for integrating an 
electrophoretic separation with microring resonator arrays. Microring resonators have 
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previously been demonstrated to be compatible with analytical separations. Furthermore, 
on-chip thermal control sensors serve to address many of the challenges in thermal 
fluctuations that impede many RI detection mechanisms. For our purposes, elastomeric 
devices were microfabricated using soft lithography methods. A novel, multilayer 
fabrication approach was developed to address the challenge of interfacing a microchip 
separation channel with a separate, microring resonator array sensor chip.13,14 
Polydimethylsiloxane (PDMS) microchip devices were fabricated in a multi-step process 
involving the incorporation of an integrated gasket layer, whereby a space was left in the 
microchannel to interface with the microring resonators. The PDMS microchips were then 
permanently bonded to the microring sensor chips to prevent leaking. Ultimately, this 
approach suffered limitations in sensor operation that could not be circumvented in the 
current state. Therefore, alternative approaches are discussed to mitigate channel leaking 
and maintain sensor performance.  
2. Experimental 
2.1 Silicon Photonic Microring Resonator Arrays 
Microring resonator arrays have been detailed well in previous literature and within 
this document. Microring resonator sensor chips and instrumentation were purchased 
from Genalyte, Inc. (San Diego, CA). Chips were not used in functional assays for this 
work, but chemistries to strip and modify the surface of chips were explored. Microring 
sensor chips are silicon-on-insulator chips that are batch fabricated using standard 
photopatterning and lithographic methods. An integrated laser centered at 1550 nm is 
used for optical coupling and microring interrogation. Microring chips are coated in a 
fluoropolymer cladding, CYTOP, that is selectively laser etched from the microring 
structures to render these sites accessible for functionalization. Furthermore, chips are 
coated in a photoresist that is removed from chips prior to use by dissolution with acetone 
followed by isopropyl alcohol.  
2.2 Microchip Device Fabrication 
PDMS microfluidic multilayer devices were formed via standard soft lithography. 
SU8-2025 Photoresist (MicroChem Corp.) was used to create masters on 3” silicon 
wafers (WRS Materials). Photomasks were created in AutoCAD (Autodesk) and printed 
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(CAD/Art Services). Microchip masters were treated with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (Gelest, Inc.) for 2 hours under vacuum. PDMS was mixed 
10:1 (RTV615A/RTV615B) (Momentive) and cured for 1 hour at 70°C. PDMS devices 
were peeled from the master once fully cured. Microchip channels were all 40 microns in 
depth.  
To create a gasket layer, masters were fabricated per the above instructions. 
PDMS was mixed 20:1 and poured onto the master. The master was then spun at 4000 
rpm for 30s in order to create a 30 micron depth of PDMS, such that the PDMS is 
shallower than the master features.15 This device was then cured for 40 mins at 70 °C 
until no longer tacky. The PDMS microchip device was then activated using an oxygen 
plasma (PDC-32G, Harrick Plasma). Using a homebuilt alignment stage with integrated 
stereoscope, the microchip was promptly placed such that channels were aligned 
(photograph of the micro-aligner in Figure 5-1).16 Devices were then incubated at 70°C 
overnight to finish curing. The completed multi-layer device and microring resonator 
sensor chip was then activated with oxygen plasma and aligned to create the completed 
microchip device.17 3D-printed support devices were created using AutoCAD and printed 
using a ProJet 3500 HDMax by the University of Michigan Fabrication Studio. 
2.3 Device Electrical Properties and Electrophoretic Performance 
For all experiments, devices were filled with an appropriate buffer solution using 
vacuum to draw solution through the channels. Sodium fluorescein was from Millipore 
Sigma and Tris-HCl salt was from Fischer Scientific. Electric fields were applied using an 
HVS448 High Voltage Sequencer (LabSmith, Inc.), which also records voltage and 
current data. 
2.4 Data Analysis 
All data was processed using R. The experiment presented in Figure 5-6(C) is the 
averaged response of two rows (128) of bare microrings that are corrected using thermal 
control sensors.  
3. Results and Discussion 
3.1 Microchip Electrophoresis Alternative to 3D-Printed Devices 
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Microfabrication of a chip device was chosen as a means to interface high quality 
electrophoretic separations with the microring resonator array sensor chips. Previous 
work with 3D-printing necessitated feature size reduction in order to facilitate separations 
without incorporation of sieving matrices. Microfabrication provides a robust manner to 
produce microscale channel features with high reproducibility. In this work, soft 
lithography was chosen for substrate microfabrication because of availability in our lab, 
although traditional photolithography in silicon-based substrates would have also been 
suitable for these aims. 
A standard double t-channel device was designed for performing electrophoretic 
injections and separations. In this way, a consistent sample volume could be reproducibly 
analyzed. As shown in Figure 5-2, channel quality is much improved and roughness is 
lower with a microfabrication approach. Devices were made using polydimethylsiloxane 
(PDMS) soft lithography, which features the ability to rapidly prototype novel devices. 
Inclusion of a double t injection method allows for reproducible injection volumes on the 
pico- to nanoliter scale, decreased from the 3D-printed device by up to 100-1000 fold.  
3.2 Development and Validation of Multilayer Device 
Microring resonator sensor chips measure 4 mm x 6 mm and are typically seated 
within a cartridge format that interfaces fluidics in a method reliant on a Mylar gasket to 
guide flow across microring arrays. These Mylar gaskets are fabricated using laser 
etching methods and have channel features resulting in a flow path of about 4 µL. This 
geometry is incompatible with the analysis channel volume of a microchip, on the order 
of tens of nanoliters maximally. It was therefore imperative to develop a method in which 
the microchip device could be interfaced with the microring sensor chip. A novel strategy 
was developed that incorporated a gasket layer made from PDMS about 10 µm thick that 
would form the bottom of the microchip electrophoresis device, while incorporating a gap 
that would serve as the interface of the electrophoresis device to the sensor chip.  
As illustrated in Figure 5-3, these two layers are bonded together permanently and 
then form a fluidic connection between the gasket layer and the separation layer. The 
bulk of microchip features are on the separation layer, including buffer reservoir ports for 
sample introduction and voltage application. Multiple strategies were pursued to interface 
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this two-layer microchip device with the microring sensor chip. Most pertinent in this 
discussion is maintaining a continuous fluidic seal between the two entities. The first 
method that was attempted involved simply placing the two pieces in physical contact, 
but this did not generate an appropriate fluidic seal and so buffer leaked from the gasket 
layer onto the rest of the microring sensor surface. 
To form a better seal, a strategy was developed to add pressure to the microchip 
and sensor chip setup. Drawing inspiration from the standard Genalyte microring 
cartridge, a pair of 3D-printed constructs were created in order to aid in reproducibility of 
the microring chip placement and to create a sandwiched device, shown in Figure 5-4. 
These two devices were intended to screw down and apply pressure across the setup, 
preventing the above leaks. Unfortunately, the elastomeric nature of PDMS result in 
deformation of the microchip devices and uneven pressure when the device was screwed 
together. This caused a poor interface that was prone to leaking. It is advisable that if this 
strategy were to be pursued again that a glass microchip substrate is used for the 
separation layer, as it would be unlikely to deform.   
3.3 Electrical Properties and Electrophoretic Performance of Microchip 
Reduced channel volumes result in lower current generation for a given voltage. 
This is shown in Figure 5-5, where a comparison is made for a 3D-printed microchip 
device with larger channel volume (detailed in Chapter 4) and a PDMS microchip device. 
For the same Tris-HCl buffer solutions, much lower current is generated with the PDMS 
microchip. The practical result of this is that higher voltages are accessible for separations 
before degradation in separation quality. As current increases so does Joule heating 
within the device, resulting in band-broadening and therefore poor separations. 
Furthermore, with increased current generation the performance of the system can 
become more erratic due to production of gas bubbles. For this reason, it is critical to 
reduce channel feature sizes to maintain optimal electrophoretic separations.  
3.4 Signal Loss and Poor Optical Coupling of Permanently Bonded Device 
To overcome challenges with device leaking, a strategy was explored to 
permanently bond the electrophoresis microchip with the microring resonator sensor chip. 
In this manner, the gasket layer would be aligned and permanently fixed to align the 
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channel to be chemically bonded to the sensor chip. To chemically bond the devices, the 
fluoropolymer cladding (CYTOP) of the microring sensor chip was removed using oxygen 
plasma exposure. The result of this is shown in Figure 5-6, where the chip is now easily 
wetted, demonstrating the successful removal of CYTOP. Scanning electron microscopy 
confirms the removal of CYTOP, and a test of sensor performance further demonstrates 
microring sensor function.  
The microchip device and microring sensor chip were then bonded after treating 
each surface with oxygen plasma. Figure 5-7 gives an example of a completed, 
integrated device. By peeling the microchip electrophoresis device from the sensor chip, 
residual elements of the PDMS are left behind on the surface of the microring chip or 
residual silicon remains on the PDMS. This empirically indicates a strong chemical bond 
between the two devices.  
These chemically bonded devices were then tested for continued optical 
performance. An example of a standard microring resonator chip registration scan is 
shown in Figure 5-8A, while a scan with a completed microchip device and sensor chip 
bonded to it is shown in Figure 5-8B. There is a loss in optical signal intensity, which 
implies poor coupling efficiency of light into microring waveguide structures during the 
grating coupler interrogation process. Under these conditions, microring resonator chips 
were unusable for data collection. This signal loss is believed to be related to light 
scattering losses from waveguides due to nonideal chemical bonding and altered light 
propagation parameters. For our purposes, then, these devices were unusable.  
3.5 Development of a Thermoplastic Microchip Device 
Standard approaches for microfluidic devices involve photopatterning in substrates 
such as glass or PDMS elastomers. However, thermoplastics such as polymethyl 
methacrylate, polycarbonate and cyclic olefin copolymers are finding novel applications 
and are amenable alternatives to these more conventional approaches because of 
reduced cost and straightforward fabrication approaches. As such, we took steps to 
fabricate a thermoplastic microchip electrophoresis device in polymethyl methacrylate. 
These prototype devices were created by cutting and etching the plastic sheet with a CO2 
laser by Dr. Vishal Sahore, shown in Figure 5-9. The two layers are thermally annealed 
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by clamping together between copper blocks. The devices mimic a standard t-channel 
microchip electrophoresis design with access ports to a gasket layer. In effect, this 
approach is promising because when secured to the cartridge holder device, the 
microchannel will not deform and result in leaking. It should interface with existing mylar 
gaskets and screw ports, and not require removal of microring sensor chip fluoropolymer 
cladding for adhesion. This would prevent light scattering signal losses.  
4. Conclusion 
In this work, we developed a multilayer, totally integrated device format for 
hyphenating microring resonator array sensor chips with microchip electrophoresis. 
Electrical properties of the device showed substantial reductions in current generation as 
compared to 3D-printed devices. Additionally, electrophoresis was shown on the devices 
using fluorescence detection of fluorescein analytes, demonstrating promising device 
performance. A novel multilayer fabrication technique was developed that is amenable to 
a variety of surface-based sensing modalities, however, this specific technique was 
incompatible with our detection platform. Once the device was permanently bonded to 
the microring sensor chip, the sensor performance was significantly attenuated. This was 
likely due to light scattering resulting in loss in optical waveguides performance. Future 
approaches must consider miniaturization of gasket features to prevent discontinuous 
cross-sectional dimensions and flow cell volumes, in addition to precise alignment of 
microchannels with microring resonator structures. This approach is promising as it may 
enable refractive index-based detection of microscale separations while addressing 
challenges in other microchip formats such as thermal sensitivity of measurements. 
This technique may find use in other microchip systems where sensor interrogation 
is performed using non-waveguide reliant methods, i.e. surface plasmon resonance or 
electrochemical detection. Therefore, additional development for this microchip system is 
necessary should this method be pursued further. This could include the use of glass 
substrate for the separation device and another microfabricated gasket material that 
would provide an interface without scattering losses. Thermoplastic devices may also 
serve as a promising intermediary approach to develop this microchip interface, and this 




Figure 5-1. Photographs of micro-aligner for fabricating multilayer PDMS devices. An 
XYZ-stage was mounted to an aluminum sheet, and a post was added against which a 
polycarbonate slide is held using a vacuum via plastic tubing. The upper portion of PDMS 
adheres readily to the polycarbonate slide. These pieces may then be moved closer in 
the vertical direction and precisely aligned laterally. Vacuum is released once the two 
pieces of PDMS are in contact, and the completed device may then be removed. The 
bottom was made to accommodate a standard glass slide or a 3” wafer for soft lithography 





Figure 5-2. (A) Schematic of proposed microchip device for integrating electrophoresis 
with microring resonator chips. (B) 3D-printed device for comparison of device proportions 
and analysis channel. (C) Photograph of t-channel junction of a microfabricated chip. (D) 
Channels in 3D-printed device are much larger and have a rough texture that hinders 





Figure 5-3. (A) Schematics of multi-layer microchip fabrication, where two separate 
layers are bonded together to form a single device with opening for access to microring 
sensor chip. (B) Photograph of completed analytical device where top and bottom layers 
are bonded together. (C) Photograph of union between top and bottom layers, showing 





Figure 5-4. (A) Rendering of chip holder and top, meant to sandwich a PDMS-device to 
provide reproducible placement of electrodes and access to chip optics. (B) Rendering of 
a device in which PDMS device is placed on top of 3D-printed chip-holder. (C) 3D-printed 





Figure 5-5. Comparison of current generation in 3D-printed and microchip devices. 
Higher electric fields may be applied with a microchip device with higher electrolyte 





Figure 5-6. (A) Photograph of two microring sensor chips. The chip on the left has had 
photoresist removed and the chip on the right has been oxidized to remove the CYTOP 
fluoropolymer cladding. The chip with cladding removed shows much greater wetting 
ability, indicating complete fluoropolymer removal. (B) Micrograph of sensor chip that has 
had cladding polymer removed. On a conventional chip, waveguide and other structures 
would not be visible through the cladding layer as only the microring structures are 
exposed. (C) Alternating exposures of a high salt solution and water, demonstrating how 





Figure 5-7. (A) Photograph of completed PDMS microdevice bonded to microring sensor 
chip. (B) Example of a PDMS microchip bonded to a microring chip. Channel runs through 
middle of two rows of microrings. (C) Photograph of microchip electrophoresis device that 
has been moved from a microring chip. A layer from the silicon chip has been removed, 
indicating permanent bonding between two layers. (D) Photograph of silicon microring 
chip with PDMS microchip electrophoresis device removed. Removal of bulk PDMS from 






Figure 5-8. (A) Example scan of microring sensor chip grating coupler efficiency. Each 
bright point indicates a grating coupler that can achieve resonance with a microring. (B) 
Lower brightness on this grating coupler scan indicates poor light coupling efficiency and 
poor microring interrogation. (C) Poor coupling efficiency is likely because of CYTOP 
fluoropolymer cladding layer removal. Due to this, additional light scattering from PDMS 





Figure 5-9. (A) Example of pieces of a thermoplastic device, top layer. (B) Bottom layer 
of thermoplastic microchip device. Contains access to microring chip surface and gasket 
layer. These devices were fabricated by CO2 laser etching a polymethyl methacrylate 
sheet. Pieces are thermally annealed to form a whole device, complete with screw holes 
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Abstract 
As reported by EH Mordan et al. in the analysis of polymers using microring 
resonator arrays as a detector for HPLC, at high molecular weights (>100 kDa), the 
surface-based sensitivity of the microring resonators begins to decay in an exponential 
manner as a function of molecular weight. A wall-jet interface was developed in Teflon 
and 3D-printed substrates with an enlarged flow cell drawing inspiration from prior 
literature. This interface appeared to improve the chromatography of polymer standards 
by eliminating tortuosity in the conventional LC-microring interface. This wall-jet design 
did not significantly improve the sensitivity of high molecular weight species, indicating 
that sensitivity in this system is limited to molecular size more so than mass transport. 
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1. Introduction 
Additive manufacturing is a rapidly evolving technique with applications in a wide 
variety of fields. Within the realm of chemical analysis, additive manufacturing, colloquially 
referred to as 3D-printing, has seen applications to numerous challenges. An early 
example of applications of 3D-printing was in work by Michael Bowser and coworkers in 
which a microscale free flow electrophoresis device was fabricated and used for protein 
separations. In this way, a wholly-3D-printed device was used for an analytical 
separation.1,2 
Major challenges still remain for widescale adoption of 3D-printing to be 
commonplace in instrument design and manufacturing. These are not limited to: the 
speed at which a part can be fabricated, the resolution and scale of dimensions that are 
achievable through additive manufacturing, the reproducibility of manufacturing, and the 
compatibility of materials with various analytical applications. On these fronts, though, 
many achievements have been made even in the last five years. Work by the groups of 
Professors Adam Woolley and Gregory Nordin has demonstrated the ability to fabricate 
microfluidic devices routinely through careful selection of photocurable resins.3,4 
Furthermore, work by Professor Dana Spence and his group demonstrates how 3D-
printed microfluidic devices can even now be routinely applied for bioanalytical purposes. 
Therefore, it is critical to begin to explore ways that additive manufacturing can enable 
new chemical measurements.5,6 
Previous work from this group has described a sensitivity-related surface-based 
phenomenon with microring resonator arrays.7,8 Microring resonator arrays are a surface-
sensitive microcavity sensor in which measurements can be made through bulk changes 
in the local refractive index of the sensor surface or through permanent binding 
interactions when chemically modified. Light couples into a waveguide structure through 
that light propagates by total internal reflection. This waveguide runs adjacent to a ring-
shaped microcavity, which under resonance conditions creates a sensing environment 
that extends from the cavity surface referred to as the evanescent field of the sensor. This 




where I0 is the evanescent field strength at the sensor surface, z is the distance from the 
surface and γ is the exponential decay constant or rate of fall off in field strength. As such, 
the sensing region of microring resonator sensors is strongest within about 25 
nanometers from the microring sensor surface. 
It was shown in work by E.H. Mordan et al. that there is a substantial decrease in 
the sensitivity of the microring resonator platform while performing chromatographic 
analysis of high molecular weight polymer species.9,10 At a molecular weight of 
approximately 120 kDa and larger, the peak area of polymer eluates decreased with 
increasing molecular weight (holding masses injected constant). This reduced sensitivity 
was believed to be due to a possibility of two conditions, a limitation of the diffusion of the 
polymers to the microring sensor surface or exclusion of portions of the polymers from 
the sensing region. As molecular weight of a polymer increases (and radius of gyration), 
the diffusional constant of that molecule decreases thus resulting in poor diffusion to the 
microring resonator surface. Under conventional laminar flow conditions, only a portion 
of a sample is analyzed by a sensor surface.11 Therefore, it is of interest to be able to 
develop a method by which the mass transfer of higher molecular weight species can be 
increased in order to overcome possible sensitivity limitations due to diffusional 
properties. 
To investigate this challenge in analyte sensitivity, inspiration was taken from 
advances in electrochemical detector flow cells. In recent years, a flow cell design known 
as a wall-jet has been employed for increasing the sensitivity of electrochemical detection 
in a wide variety of assay formats. The wall-jet was originally discussed in the 1950s, and  
its application to electrochemical detection was first described in 1973 as a means to 
increase analytical sensitivity.12–16 In its simplest form, a wall-jet phenomenon occurs as 
a jet of a liquid that is directed perpendicularly towards a planar substrate. This process 
creates a turbulent and rapid mixing effect improving molecular diffusion. Most recently, 
individual applications sought to improve the performance of electrochemical detection 
specifically in the case of HPLC applications using 3D-printed flow cells. In the former 
work, a 3D-printed device is compared to a standard thin wall electrode format and 
demonstrates promising improvements with a straightforward interface. The latter work is 
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a tour de force of 3D-printing and its application to developing a flow cell for amperometric 
detection. Common in both of these studies is small molecule analyte systems.11,17  
In this work, a wall-jet flow cell was designed to interface size-exclusion 
chromatography separations with microring resonator arrays. Cartridge lids were 
fabricated using standard machining operations, as well as 3D-printing. As such, a variety 
of flow cell materials were surveyed. Gasket materials and geometries were assessed to 
facilitate proper flow cell geometries and maintain sensor flow cell integrity. Strategies for 
device fabrication are presented here to inform of constraints that can be adjusted to 
achieve desired flow parameters. Themes within this work have been used to produce 
flow cells for capillary electrophoresis and microchip electrophoresis integration with 
microring resonator array sensor chips and will be addressed.  
2. Experimental 
2.1 Materials 
Tetrahydrofuran (THF) and ethyl acetate were purchased from Sigma-Aldrich (St. 
Louis, MO) at the highest purity available. Narrowly distributed polystyrene (PS) 
standards were purchased from Polymer Standards Service-USA, Inc. (Amherst, MA). All 
reagents were used without additional purification. PS standards of various molecular 
weights (1.3, 3.2, 9, 18, 33, 62, 120, 280, 560, and 1400 kDa) were prepared in the 
appropriate solvent depending on cartridge material. 
2.2 Silicon Photonic Microring Resonator Arrays 
Microring resonator arrays have been detailed well in Chapter 2 of this document. 
Briefly, sensor chips and instrumentation were purchased from Genalyte, Inc. (San Diego, 
CA). Microring resonator sensor chips consist of 128 active sensors arranged in clusters 
of four and arrayed as two parallel channels of 16 clusters each. In this work, the number 
of microrings scanned varied depending on the nature of the experiment. The fewer rings 
that are scanned, the faster that the selected microrings can be scanned. For example, it 
takes approximately nine seconds for all 132 sensors to be scanned (including thermal 
controls), but reducing the number by half reduces the scan time by approximately half. 
Experiments to determine the precise location of the wall-jet phenomenon would scan 
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four clusters of microrings, whereas chromatography experiments may only collect one 
cluster (four rings).  
2.3 Size-Exclusion Chromatography and Microring Resonator Interface 
Size-exclusion/gel permeation chromatographic (SEC/GPC) separations were 
performed on a Waters Alliance e2695 (Milford, MA) with a Waters 2489 UV/visible 
detector monitoring 280 nm wavelength. An Agilent MiniMIX-C column (Santa Clara, CA) 
5 µm, 4.6 x 250 mm was used for polymer separations. Flow rates (0.6-0.9 mL/min) were 
varied in assessing wall-jet parameters. Sample temperature were 5°C, and the column 
oven was kept at 35°C.  
The interface between HPLC and microring resonator flow cell has been described 
previously. The microring resonator flow cell is connected in series following the UV-Vis 
detector. The HPLC outlet is connected to a PEEK ZDV 10-32 coned union, followed by 
a ¼”-28 flangeless fitting, which is then interfaced with the microring resonator cartridge 
flow cell.  
2.4 Device Fabrication and 3D-Printing  
Early generations of wall-jet cartridges were fabricated by the University of 
Michigan Scientific Instrument Shop from Teflon. Device CAD designs were created in 
SolidWorks (versions 2018-2020) and AutoCAD Inventor (2017). Geometries and 
dimensions must be considered when cartridges are manually machined in Teflon, which 
is compatible with all relevant solvent systems tested. The unions of drilled ports have 
narrow machining tolerances, and so challenges arise for small fluidic ports. For our 
purposes, channels are typically fabricated using Carbide Micro Drill Bits of diameter 0.1 
– 0.4 mm (which are quite fragile). In this work, fluidic ports are shown with curved 
geometries that cannot be fabricated using manual machining techniques. 
3D-printing was pursued for more reproducible device geometries, the ability to 
fabricate curved channels, and faster turnaround. With help from the University of 
Michigan Fabrication Studio, cartridge lid devices were printed using a Strasys J750 in 
Vero resin. This material, though generally proprietary, is composed primarily of acrylate-
based chemicals. 3D-printing resins on average have poor compatibility with organic 
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solvents and so the mobile phase was changed from THF to ethyl acetate for experiments 
using these cartridge lids.  
2.5 Gasket Fabrication 
Gaskets form the lateral bounds of the microring resonator cartridge flow path. 
Gaskets were fabricated from Mylar and Viton in this study using a VersaLaser CO2 IR 
laser cutter/engraver. The selected material and thickness must be considered when 
selecting laser parameters and can vary substantially, and so exact settings are not 
provided. Burning or melting of the material should be avoided, and so in my experience 
it is best to determine this empirically for each material at that given time. 
2.6 Data Analysis 
Data were analyzed with custom script in R (version 3.4.1). The averaged 
response of 4-128 microrings (dependent on the experiment) are plotted as microring 
resonator chromatograms. The averaged signal intensity is plotted as a function of time 
which is further smoothed and baseline corrected using a Whittaker smoothing function 
and an asymmetrically reweighted least-squares (arPLS) approach. 
3. Results and Discussion 
3.1 Design of a Microring Resonator Flow Cell for Wall-Jet Fluidics 
Optical coupling of Genalyte Maverick instrumentation with microring resonator 
sensor chips is paramount to the design of a flow cell. An optical window is present in all 
cartridge lid and gasket designs to enable coupling to grating coupler structures. The 
instrument optical head places size constraints on the system, therefore restricting the 
number and size of fluidic connections to the cartridge design. This is to say that many 
design limitations are the result of instrumentation design that would require changes 
beyond the scope of these projects.  
In this work, the microring resonator flow cell refers to the volume that is 
sandwiched between the microring resonator sensor chip and the cartridge lid and bound 
laterally by a gasket. Generating a wall-jet effect required design changes to the microring 
resonator flow cell that increased the depth of the flow cell channel to twice the width of 
the inlet to the flow cell. Considerations were also made to center the inlet and 
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directionally balance the flow from the cartridge. The latter was ensured by monitoring the 
flow rate from the outlet tubing and adjusting system parameters until equal.  
A series of cartridge lids are presented in Figure 6-1 that demonstrate iterative 
steps taken to obtain consistent, reproducible flow with no device leaking. Initial designs 
simply extended the length of the inlet to produce an outlet that was approximately 
centered. These early devices were machined by the LSA Scientific Instrument Shop and 
restricted dimensions and geometries that could be implemented. This approach was 
desired initially because devices could continue to be fabricated from Teflon, which is 
widely compatible with many organic solvent systems necessary for polymer analysis. 
However, difficulties producing these designs ultimately led to pursual of a 3D-printing 
approach for cartridge lids. This allowed for devices with curved inlets, Figure 6-1C and 
Figure 6-1D, to be created with little difficulty and potentially improve chromatography by 
reducing sharp angles and abrupt fluidic changes.  
Gaskets were tested to optimize flow out of the cell, all with differing designs to 
reach the outlets ports while retaining symmetry (Figure 6-2). It was determined that if 
the inlet is too close to the edge of the flow cell that the device would be prone to leak, 
with notable increased frequency of device failure each time the flow rate was increased. 
For this reason, the inlet was moved to the center of the bottom of the flow cell and 
gaskets were enlarged to accommodate the moved inlet. Care was taken to not extend 
the bottom of the gasket off the bottom of the chip surface. A series of examples of entire 
flow cells is shown in Figure 6-3 and illustrates many of these parameters for designing 
a successful flow cell. Here, four wall-jet cartridge lids will be used to illustrate the impact 
of these parameters, and three gaskets (Figure 6-4) are used.  
3.2 Functional Operation of a Series of Wall-Jet Designs 
Initial designs showed little sensitivity enhancement for higher molecular weight 
species than for the conventional cartridge format. Figure 6-5 provides examples of three 
different flow cells, with A as the standard and B,C both representing early wall-jet 
prototypes. There is no improvement in the peak area of any of the species (Figure 6-6), 
although the variability of the measurement in triplicate increased at a higher flow rate of 
0.9 mL/min, as in Figure 6-6C. This was explored further as a function of microring 
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cluster, which represent the physical location of microrings, Figure 6-7. Had a wall-jet 
effect been observed, one would expect a significant increase of peak areas for a 
particular cluster near the expected location of the wall-jet. However, this was not seen. 
These early designs used 7 mil (0.1778 mm) Mylar and as such would not be expected 
to facilitate a wall-jet effect because the inlet to the flow cell is ~0.4 mm in diameter. As 
such, the flow cell depth was increased by stacking several gaskets to a final height of 
0.75 mm, almost double the flow cell inlet diameter. This results of this are demonstrated 
in Figure 6-8, with only subtle differences observed for the highest molecular weight 
standard in Figure 6-8C.  
At this point, concerns regarding the design of the flow cell lids arose due to 
challenges in equalizing outlet flow rates, where flow would be biased to one of two 
outlets. Effort was made to center the flow cell inlet with the resultant chromatography 
shown in Figure 6-9. A combination of the cartridge lid (Figure 6-3C) and a new gasket 
(Figure 6-4A, design 1) show minimal improvement in sensitivity metrics (Figure 6-10) 
and demonstrate further the reproducibility of these flow cell designs. 
Previous designs were limited by manual fabrication strategies with inconsistent 
device quality. 3D-printing was then pursued as a means of reproducibly fabricating wall-
jet cartridge lids with consistent placement of lid channels and customizable channel 
design. New devices (Figure 6-3D and 6-3E) were developed with curved flow cell inlet 
channels that were centered lower on the device. New gaskets (#2 in Figure 6-4A and 
that shown in Figure 6-4B) were also created to accommodate these new cartridge lids. 
Chromatograms from these new devices are shown in Figure 6-11. Our mobile phase 
was changed from THF to ethyl acetate for compatibility with the available 3D-printing 
resins. While the quality of chromatography appears to have improved slightly, there was 
no observable change in the overall sensitivity decay with high molecular weight polymer 
species (Figure 6-12). This observation is possibly due to several factors that should be 
explored further. In prior literature, detection enhancement has been observed with small 
molecules (e.g. neurotransmitters and psychoactive substances) and not high molecular 
weight species that are ~2-4 orders of magnitude larger. As a result, the decreased 
sensitivity may not be due to poor mass transfer to the sensor surface, but instead 
exclusion from the sensing region. The radii of gyration of the tested polymers range from 
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roughly 1-100 nm, which are far greater than the most sensitive portion of the microring 
evanescent field. Therefore, even with a wall-jet phenomenon, the sensitivity to these 
large polymers may simply be constrained by geometric factors. 
3.3 Design of a Forked Gasket for Individual for Isolated Channel Analysis 
For a multi-analyte separation, additional information is often sought about various 
constituents via hyphenated downstream detection, i.e. HPLC-UV-Vis-MS. Heart-cutting 
approaches are occasionally integrated into separations instrumentation in the case of 
2D-LC to further resolve a portion of a chromatogram. In this work, a forked gasket was 
designed and tested to be able to analyze samples with separate channels. By 
functionalizing channels separately, distinct chemical information can be obtained from 
an analytical separation on the same chip by simply directly the flow temporarily to the 
other channel. This can be repeated for additional components of the sample as desired 
with repeated injections. Figure 6-13 gives an example of these split channel designs 
and an associated electropherogram, where a sample of IgG is injected, and the 
monomer and dimer peaks are analyzed in two separate channels with bulk RI detection. 
Another potential advantage of this technique relates to the possible saturation of surface 
capture agents. Under conditions where the binding sites have been fully occupied by a 
species which migrates earlier, binding may not be observed for a later analyte and so a 
secondary channel can allow for more quantitative binding information due to fully 
available binding sites.   
3.4 Design Strategies to Reduce Extra-Column Broadening with Capillary Electrophoresis 
Flow Cells 
A common challenge with post-column detection is the introduction of 
discontinuous geometries. In the case of the standard capillary to microring sensor chip 
interface discussed previously in Chapter 2, the cross-sectional area of the fused silica 
capillary internal diameter is 14 times smaller than the that of the microring flow cell. This 
contributes substantially to extra-column broadening and loss of sensitivity of the 
detector, with plate numbers on average two orders of magnitude lower than literature 
values. Therefore, two strategies were examined to address this challenge.  
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The first approach to reducing the effect of extra-column broadening is to alter the 
position of the capillary with regards to microring sensors on-chip. In previous iterations, 
the capillary was positioned at the end of a channel, from where the analyte would migrate 
to the opposite end of the channel. By placing the capillary directly over a cluster of 
microrings, those rings can be used to obtain the most relevant electropherogram without 
additional migration and band broadening for which to account. As shown in Figure 6-14, 
the capillary outlet is positioned in the middle of the channel. In this case, fewer microrings 
are used at the expense of this higher quality information. However, in instances where 
only bulk refractive index data is desired, a single cluster of four microrings is sufficient in 
terms of technical replicates. Furthermore, as in Figure 6-14B, the ground electrode 
should be embedded into the device to reduce the effective electric field. This closer 
ground reduces the channel length over which a voltage drop occurs, therefore increasing 
the net electric field. Gaskets were also created to accommodate different inlet locations, 
Figure 6-15.  
These changes are paired with reduced width and depth of the channel features 
of the gaskets, with examples shown in Figure 6-16. Channel width were on the order of 
the width of a cluster of microring resonators, approximately 0.1 mm, and the thickness 
of Mylar was varied to 4 mil (~100 micron). At this point, laser power and CAD designs 
must be considered carefully to produce high quality gaskets. The distance of the CO2 
laser and the power settings can cause melting and swelling of the Mylar sheets, 
especially at such reduced thicknesses. Therefore, it is suggested that these parameters 
are varied systematically and the resulting gaskets are examined for quality, as this will 
depend on the laser cutter. Figure 6-16B shows the melting effect surrounding the 
channel feature that can causes irreproducible channel dimensions.  
4. Conclusion 
In this work, we have demonstrated approaches to design and optimize cartridge 
lids and gaskets for microring resonator flow cells. While these approaches are 
constrained by instrumental design, a wide variety of materials and design features are 
still available and should be viewed as quite approachable to the reader. Applications in 
industrial polymer analysis demonstrated the straightforward means that a wall-jet 
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approach can be undertaken, although with little improvement to the challenge of high 
molecular weight polymer analysis. This challenge has not been overcome and an 
additional suggestion is to develop a mathematical approach to correct this sensitivity 
decay. Because there is a strongly reproducible effect, as demonstrated in this work, 
normalization may be feasible as a function of elution volume. Furthermore, approaches 
for interfacing split flow channels and improved capillary flow cells were presented. 
Reducing the dimensions of the flow cell should reduce extra-column broadening and 
improve both detection limits and peak resolution. This may not only be critical in capillary 
electrophoresis endeavors, but also should capillary liquid chromatography be interfaced 





Figure 6-1. Progression of Cartridge Lids to Promote a Wall-Jet Effect. Series of 
CAD designs that were developed to promote a wall-jet effect. (A) Conventional flow cell 
cartridge lid, with inlets at right-angles. This design was altered in a series of steps, 
including (B) moving the inlet to the flow cell to the center of a channel of rings, (C) adding 
a curved inlet channel, and (D) changing the steepness of this inlet while also placing it 





Figure 6-2. Initial Designs of Wall-Jet Gaskets. Series of CAD designs intended to 
facilitate a wall-jet effect by centering the outlet of the microring resonator cartridge and 
gasket interface. The flow cell exits into the outlets at the corner of the design. Symmetry 




Figure 6-3. Series of Wall-Jet Flow Cell Designs. (A) Wireframe view of original flow 
cell lid, followed by wall-jet flow cell designs (B-E). (F) Cartoon of the flow path of the 





Figure 6-4. Wall-Jet Gasket Designs and Assembly. (A) Illustrations of gasket designs: 
0: original, two-channel gasket; 1 & 2: gasket designs eliminating single-channel 




Figure 6-5. Impact of Initial Flow Cells and Eluent Flow Rate. (A) Example 
chromatogram of a single, averaged microring resonator cluster obtained with the original 
flow cell design. (B-C) Representative chromatograms of a single, averaged microring 
resonator cluster obtained with the first wall-jet flow cell design. (A) and (B) use identical 




Figure 6-6. Impact of Initial Flow Cells and Eluent Flow Rate on Peak Area for 
Different Designs. (A) Peak areas obtained with original flow cell design. (B-C) Peak 
areas obtained with fist wall-jet flow cell design. (A) and (B)  use identical experimental 
conditions at a 0.6 mL/min flow rate and (C) uses a faster flow rate of 0.9 mL/min, all 





Figure 6-7. Cluster Dependence of Wall-Jet Flow Cell Design. Comparison of peak 
areas as a function of cluster obtained using the first wall-jet flow cell design at 0.9 mL/min 
flow rate to determine wall-jet location. There is no observable improvement with any 





Figure 6-8. Chromatogram with First Wall-Jet Flow Cell Designs and New Gasket. 
(A) Chromatogram obtained using original flow cell design and conventional 2 channel 
gasket. (B) Chromatogram obtained using first wall-jet flow cell design and new gasket 
design 1 from Figure 3-6. (A) and (B) use identical experimental conditions at a 0.6 






Figure 6-9. Chromatogram Comparison Between Original, First and Second Wall-
Jet Flow Cell Designs. (A) Representative chromatograms obtained with the original 
flow cell design and original 2-channel gasket. (B) Representative chromatograms 
obtained with the first wall-jet flow cell design and first new gasket design. (C) 
Representative chromatograms obtained with the second wall-jet flow cell design and first 





Figure 6-10. Peak Comparison Between Original, First and Second Wall-Jet Flow 
Cell Designs. (A) Peak area comparison for the first two wall-jet designs to the original 






Figure 6-11. Chromatogram Comparison of Final Wall-Jet Designs. (A) 
Chromatograms obtained with original flow cell design. (B) Chromatograms obtained with 
third wall-jet flow cell design and second new gasket design. (C) Chromatograms 




Figure 6-12. Peak Area Comparison of Series of Wall-Jet Designs. (A) Plotting peak 
area against log of molecular weight for a series of flow cell designs shows the 
reproducibility of the microring resonators molecular weight trend. (B) The same data 





Figure 6-13. Flow-Splitting Gasket Designs for Channel-Specific Analysis. (A) CAD 
design of split-channel gaskets. (B) Photograph of flow-splitting gasket overlaid with 
microring resonator chip. (C) Photograph of flow-splitting gasket overlaid with a 3D-
printed cartridge lid, demonstrating alignment of channel features. (D) Photograph of a 
standard gasket sourced from Genalyte and the homemade split-channel design. 
Features are well-aligned but dimensions may be reduced. (E) Example of an 
electropherogram of IgG, with a large monomer and a dimer peak migrating later. (F) 





Figure 6-14. Alternative Cartridge Lids for Capillary Electrophoresis. (A) Cartridge 
lid that demonstrates a centered inlet with inspiration drawn from wall-jet features. This 
geometry may reduce extra-column broadening at rings located immediately beneath 
capillary outlet. (B) Cartridge design intended to embed a platinum ground wire directly 
into the device. In current flow cell designs, the platinum ground wire is placed after the 
entire flow cell and after outlet tubing. By reducing the distance to the ground electrode, 





Figure 6-15. Gaskets with Centered Inlet for Capillary Interface. (A) Series of CAD 
designs with a centered inlet, intended to place the capillary directly within the relevant 
portion of the flow cell. This is to reduce the impact of extra-column broadening as analyte 
exits the capillary. (B) Photograph of a cartridge that places the capillary outlet above the 





Figure 6-16. Narrow Gasket Designs for Improved Sensitivity. (A) CAD design of 
gaskets with reduced channel width. (B) Photograph of a gasket overlaid onto a microring 
sensor chip. The lower channel is a gasket in which the channel width is reduced to the 
thickness of the CO2 laser pass. Incorporation of these reduced width gaskets should 
decrease the effect of extra-column broadening. (C) Photograph of two gaskets, where 
the bottom channel demonstrates a standard-width gasket overlaid with the narrowest 
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1. Dissertation Summary and Conclusions 
The work presented within this dissertation highlights for the reader the utility of 
silicon photonic microring resonator arrays as an alternative detector for various chemical 
separations. While a host of detectors for chromatography and electrophoresis exist with 
already-commercialized features and well-engineered performance, this work should 
promise new contributions from microring resonators and encourage future development. 
Substantial effort is necessary to fully optimize the microring platform. Steps to improve 
this platform are not limited to: reduction in signal baseline noise; increased data 
acquisition rates; reducing flow cell size for post-capillary electrophoresis detection. With 
some of these improvements, the microring platform may find success as an additional 
capillary electrophoresis (CE) and high performance liquid chromatography (HPLC) 
detector. 
1.1. Microrings as a Novel Analytical Detector 
Chapters 2 and 3 serve to demonstrate the microrings functioning in new 
capacities with chemical separations. Universal analyte detection brings powerful 
 149 
opportunities for quantitative chemical analysis. Foregoing analyte derivatization and 
indirect detection reduces the barrier to analysis and simplifies quantitation by eliminating 
analyte labeling. In this way, chapter 2 of this document demonstrates the immediate 
utility of a refractive index-based detection platform. Microring resonator arrays can be 
interfaced in a straightforward manner with capillary zone electrophoresis (CZE) 
separations via post-column detection. Sugars can be detected without cumbersome 
fluorescence derivatization, in addition to various other chemical systems. The flow cell 
volume is approximately 14x larger than the capillary volume, and so a serious limitation 
of this work is extra-column broadening. Additionally, detection limits for the microring 
resonators are poor (on the order of 1 mg/mL for proteins) compared to commercial 
detectors, but this is not atypical for refractive index measurements. 
Chemical functionalization of microring resonators is critical for improving both the 
sensitivity and selectivity of analytical measurements. Previous work from this group has 
demonstrated the versatility of chemical capture agents, ranging from antibodies to 
nucleic acids. As such, functionalization of the microrings was explored to improve 
detection limits and ascertain chemical information with tandem upstream HPLC UV-Vis 
data. Detection limits on the order of 5 µg/mL for antibodies are of the same order of 
magnitude as with the commercial system UV-Vis detector. Additionally, antibody capture 
specificity enables differentiation in signal between mixtures of dimeric IgG aggregates 
and IgA dimers, which would be indifferentiable with conventional UV-Vis detection. 
In just these two ways, additional utility of microring resonator arrays has been 
demonstrated and hopefully brings new interest in this class of sensor to the analytical 
separations community. While significant hurdles must be overcome before this platform 
is adopted, this work serves as a glimpse to future possibilities. 
1.2. Strategies for Interfacing Chemical Separations with Microrings 
In attempting to interface chemical separations with the microring resonator 
platform, a variety of different approaches were pursued. Methods involving 3D-printing 
and soft lithography provide context to how future improvements and iterations of this 
platform may be made with the intentions of interfacing electrophoresis and improving the 
quality of chromatography detection. Even minor changes in flow cell design could 
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potentially yield large improvements in analytical performance of this system having 
previously relied on a flow cell designed for flow-based bioanalytical assays. Maintaining 
consistent flow path dimensions and eliminating bends in flow paths are just two manners 
in which these interfaces were improved. 
In chapter 4, a device was developed to directly interface voltage-driven analyte 
migration with the microring sensor chip. Relying almost entirely on 3D-printing, device 
channels were on average one order of magnitude larger than capillary and microchip 
electrophoresis systems. This prohibited the ability to apply a high voltage to the system 
and inhibited electrophoretic separations. We did demonstrate the ability to drive analyte 
migration, in the context of dye molecules and single-stranded DNA, followed by 
sequential multiplexed hybridization experiments that were robust in complex matrices. 
Since this work was undertaken, notable improvements in microscale 3D-printing have 
been reported with now published documentation of microchip electrophoresis 
separations using entirely 3D-printed substrates. With this context in mind, work may be 
pursued again in the future as access to this technology improves. 
In chapter 5, we demonstrated an approach for interfacing microchip 
electrophoresis with microring resonator arrays. A major obstacle in interfacing external 
fluidics with chip-integrated detection technologies is maintaining flow cell integrity by 
preventing leaking. Here, several different techniques were developed to integrate an 
electrophoresis microchip device with a microring sensor chip, though none showed 
remarkable promise for a robust device. Improvements in device engineering and 
switching to different microchip substrates could alleviate many of the observed 
challenges, but ultimately this fell beyond the scope of a straightforward and 
approachable system. 
Finally, in chapter 6, 3D-printing was used more successfully in the context of 
interfacing gel permeation chromatography with microring resonator arrays. Dr. Emily 
Mordan showed the decay in microring resonator sensitivity to higher molecular weight 
polymers, and so 3D-printing was used to fabricate a flow cell that would generate a wall-
jet effect with the goal of eliminating mass transfer as source of this sensitivity decay. 
Many iterations were pursued with the conclusion that this sensitivity limitation is likely 
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due to exclusion of portions of the high molecular weight (though more appropriately, 
perhaps, larger radius of gyration) polymers from the most sensitive portion of the 
microring resonator evanescent field. 
2. Future Directions and Preliminary Results 
With the work that has been detailed in this document, there exists a multitude of 
avenues that should be investigated in the future to provide the separations community 
with novel approaches to routine chemical separations. The reader should be made 
aware of challenges currently facing chemical industries and academic settings. For 
emphasis, there exists no commercially available refractive index detector for CE. This 
necessitates additional steps for the analysis of unlabeled molecules including salts, 
carbohydrates, and antibiotics, in addition to industrial polymers in the case of liquid 
chromatography. With some of these opportunities in mind, the following sections will 
detail some of the efforts aimed in the direction of addressing broader challenges. 
2.1. Microrings for Detection of N-Linked Glycans using Bulk Refractive Index 
N-linked glycosylation refers to a post-translational modification by which a protein 
is modified with an oligosaccharide molecule at a nitrogen of a protein asparagine 
residue. These N-glycans, for short, are chemically diverse structures with a variety of 
chemical and biological implications relating to proper protein folding and are believed to 
indicate disease pathology.1 Studying protein glycosylation can potentially provide 
valuable insight, and so quantitative analytical technologies are desirable to study classes 
and levels of N-glycosylation. 
Protein glycosylation can be studied with intact glycosylation, or N-glycans can be 
enzymatically (PNGase F) removed from the protein and purified for analysis. N-glycan 
analysis can be performed via mass spectrometry, or coupled with HPLC or CE.2,3 A 
requirement for HPLC and CE analysis of N-glycans is fluorescence derivatization, 
commonly using the fluorophore 2-aminobenzamide (2-AB).4–6 It is appealing to eliminate 
this step and reduce the sample processing time, as a universal refractive index detector 
would. The microrings have been demonstrated to be compatible with CE experiments of 
simple carbohydrates, and so it stands that the microring resonator platform would be 
amenable to native N-glycan analysis.  
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Early work has focused on successful digestion of proteins and extraction of N-
glycans for analysis. There are many different protocols and kits available for this process, 
and care must be taken when evaluating which method to choose (in my hands, success 
was most frequent with non-rapid formats). Proteins were confirmed to be enzymatically 
deglycosylated using denaturing SDS-PAGE, shown in Figure 7-1. These samples were 
then purified according to a standard protocol and subsequently analyzed using capillary 
zone electrophoresis (CZE). Figure 7-2 gives an example of two electropherograms 
collected from deglycosylated protein samples. Further work must be done to 
orthogonally confirm these data. It is suggested that mass spectrometry data is collected 
to identify present N-glycans, in addition to collecting conventional CZE data using 
fluorescence derivatization and detection.  
While these data are promising of future applications of microring technology, 
additional data must be collected to demonstrate the broad utility. Furthermore, it would 
be suggested to study N-glycans using HPLC. Standard N-glycan analysis involves the 
use of hydrophilic interaction chromatography (HILIC), a gradient-elution chromatography 
technique that could be interfaced with microring resonator arrays given prior work that 
shows gradient compatibility.7,8 
2.2. Microrings for Detection of Polyphosphate using Bulk Refractive Index 
Explored in detail by Morrissey and coworkers, polyphosphates (polyP) are a class 
of polymeric inorganic phosphate molecule. This molecule is found in both 
microorganisms and mammals, though the length of polyP is believed to vary between 
kingdoms. An understanding of the size distribution and related quantity are of interest as 
the presence of long-chain length is potentially indicative of bacterial infection (as 
compared to shorter-chain length polyP found in human platelets).9–11 
Polyphosphate molecules are inherently challenging to measure as a polymer of 
phosphate molecules lacking an optical signature. Techniques have been developed to 
indirectly quantitate polyP, in addition to attempts to label the molecule.12,13 Most direct 
would be use of a universal RI detector to avoid these potentially biased methods. 
Preliminary data shows that a sample of polyP can be detected (without separation) using 
CE, here in Figure 7-3. In the context of separating homopolymers using CE, a sieving 
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matrix or gel must be considered to introduce a separation mechanism. This was 
investigated briefly, though challenges with system integrity arose. Because the microring 
resonator chip is chemically identical to a bare, fused silica capillary, adsorption of sieving 
matrices must be considered. Challenges arose in obtaining a stable signal with the 
introduction of sieving agents such as dextran, shown in Figure 7-4A, and so further work 
is necessary to investigate first how sieving agents can be reliably introduced to the CE-
microring system in a reproducible manner. Once this system has been developed 
confidently, polyP separations should be achievable without the need for indirect 
detection or analyte modification.  
2.3. Use of Lectin Arrays for Profiling Glycosylation 
A common alternative means of studying protein glycosylation is with lectin 
microarrays (LMA). Generally, lectins are proteins with high binding specificity for 
carbohydrate moieties of proteins in a native, glycosylated state.14–16 Microarrays have 
been used to study glycosylation patterns and create fingerprints of glycosylation levels 
for different diseases. Microring resonators have been used extensively to create 
multiplexed panels of different chemical capture agents, and an important use of the 
microring resonator platform when hyphenated with analytical separations is to provide 
additional chemical information regarding the separated components that would not be 
gathered from simple optical measurements.17 Therefore, it is of interest to create a panel 
of lectin proteins to obtain glycosylation information in conjunction with both CE and HPLC 
separations. 
This work presents two major challenges that have been addressed in part but 
remain a barrier to this project. First, the majority of lectins require the presence of a metal 
cofactor for proper function. These cofactors include Ca2+ and Mn2+, among others. In the 
use-case of capillary electrophoresis, inclusion of these cofactors resulted in erratic 
microring response shown in Figure 7-6, even at low millimolar concentrations. 
Furthermore, metal deposition was observed on electrodes. It is likely that for CE to be a 
viable method that lectins are sought which do not require metal ions to be present in the 
capillary electrolyte. Alternatively, literature suggests that if stored with sufficient 
concentrations of metal ion, lectins may retain the respective cofactor and therefore 
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functionality. A final option could be the use of compatible modes of liquid 
chromatography, such as size-exclusion chromatography. In this manner, the presence 
of metal ions would not impact the separation mechanism and be present for optimal 
protein function. 
Second, a protocol for successful functionalization and storage of lectin-modified 
microring resonator arrays is necessary. The standard protocol for functionalizing 
microring resonator array chips with antibody captures includes two steps for potential 
complications that must be further investigated. StartingBlock buffer (ThermoFisher 
Scientific) is a proprietary solution of proteins that are likely to have N-linked glycosylation 
modifications. Similarly, DryCoat assay stabilizer (Virusys) is a sugar-rich solution 
intended to stabilize antibody structure. It should be expected that these chemicals will 
result in poor binding data should the lectins have binding sites occupied. Potential 
alternatives to these chemistries could be through use of polyvinylpyrrolidone (PVP) or 






Figure 7-1. SDS-PAGE of proteins that have been deglycosylated using PNGase F 
enzyme. Observable shift in the migration of bands associated with proteins after 





Figure 7-2. Electropherograms of N-glycans obtained via pellet extraction method. 




Figure 7-3. Series of injections of a 5 µM short-chain polyphosphate sample. Analysis in 




Figure 7-4. (A) Attempted electrophoresis of 1 mg/mL (10 PSI for 3 s injection) ϕX174 
DNA-HaeIII digest. BGE is 50 mM Tris-HCl, pH 8.0 with 0.50% hydroxyethylcellulose as 
a sieving matrix with -10 kV applied. (B) Example of non-specific adsorption of proteins 
(5 mg/mL each of carbonic anhydrase, myoglobin and ovalbumin). BGE is 25 mM 
phosphate at pH 3.5 and the applied voltage +15 kV. Microring sensor chip was incubated 




Figure 7-5. (A) Online functionalization of microring resonator chip with lectins. (B) 
Electrophoresis of MAN-5 glycan (Sigma-Aldrich) at 1 mg/mL in 18 MΩ H2O with a 100 





Figure 7-6. (A) Example of erratic microring response upon inclusion of CaCl2 and MnCl2, 
each at 2 mM in 100 mM borate at pH 8.2 and +10 kV applied. Legend refers to position 
within a microring sensor channel. (B) Photograph of platinum electrode following 
electrophoresis experiment with Ca2+ and Mn2+. Dark spots are noted near the tip of the 
platinum surface. Center/Left/Right refer to general physical grouping of microring 
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